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ABSTRACT

These days’ fuel cells are playing an important role in power generation.
Fuel cell is an electrochemical device, which directly converts chemical energy
stored in a fuel (hydrogen) and an oxidizer (oxygen) into electrical energy. In this
work, PEM (Polymer Electrolyte Membrane) electrolyte has been used to analyse
the fluid flow in the fuel cell to increase the power generation.

A mathematical model is developed to analyze for proper fuel flow and to
get more efficiency. Graphs are plotted for various input conditions. From the
result best-input conditions are taken. Using the mathematical model resuits flow
rate, pressure, temperature and velocity are examined. Optimal conditions are
found for maximum electric power generation. Optimal conditions are making the
life of the fuel cell longer with the little loss of power generation performance in
fuel cell.

Geometric model has been developed for the given dimensions and the
model is meshed using GAMBIT. Model is imported in FLUENT and the results
are obtained for the geometric model. Pressure, velocity and temperature

distribution with in the Fuel cell are presented in graphical form.
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CHAPTER 1

PROBLEM DEFINITION



1.1 INTRODUCTION

Recently, there has been growing concern about acid emissions, carbon
dioxide, and other air quality matters, which have made renewable technologies
an attractive option. Fuel cell technology is expected to play an important role in
meeting the growing demand for distributed generation. In an ongoing effort to
meet increasing energy demand and to preserve the global environment, the
development of energy systems with readily available fuels, high efficiency and
minimal environmental impact is urgently required.

A fuel cell system is expected to meet such demands because it 1s a
chemical power generation device that converts the chemical energy of a clean
fuel (e.g., hydrogen) directly into electrical energy. Still a maturing technology,
fuel cell technology has already indicated its advantages, such as its high-energy
conversion efficiency, modular design and very low environmental intrusion, over
conventional power generation equipment.

Among all kinds of fuel cells, Polymer Electrolyte Membrane fuel cells
(PEMFCs) are compact and lightweight, work at low temperatures with a high
output power density, and offer superior system startup and shutdown
performance. These advantages bave sparked development efforts in various
quarters of industry to open up new field of applications for PEMFCs, including
transportation power supplies, compact cogeneration stationary power supplies,
portable power supplies, and emergency and disaster backup power supplies. Two
key issues limiting the widespread commercialization of fuel cell technology are
better performance and lower cost.

PEMFC’s performance is limited by polarizations. A good understanding
of the effect of design and operating conditions on the cell potential is required in
order to reduce polarization. The performance of PEM fuel cells known is to be
influenced by many parameters, such as operating temperature, pressure and
discharge current. In order to improve fuel cell performances, it is essential to
understand these parametric effects on fuel cell operations.

To understand and improve the performance of PEMFC’s, researchers

have developed several mathematical models to explain the behavior of potential



variation with the discharge current. Mathematical modeling is a powerful tool for
improving the performance of fuel cell stacks.

Two main modeling approaches can be found in the literature. The first
approach includes mechanistic models, which aim to simulate the heat, mass
transfer and electrochemical phenomena encountered in fuel cells. The second
approach includes models that are based on empirical equations, which are applied
to predict the effect of different input parameters on the voltage-current
characteristics of the fuel cell, without examining in depth the physical and electro
chemical phenomena involved in fuel cell operation.

Some models are characterized by a high complexity, with several partial
differential equations to be taken into account. This high complexity creates
problems of simulation times, parameter identifications, etc., especially when they
are to be enclosed in a larger system, such as an electric vehicle.

The purpose of this paper, therefore, is to develop a mathematical model
for investigating the performance optimization of a PEM fuel cell that, although
simplified and containing some semi-empirical equations, is still based on the

chemical-physical knowledge of the phenomena occurring inside the cell.

1.2 OVER VIEW OF THE PROJECT

Various peoples over the years have developed  different
mathematical/numerical models to understand and analyse the phenomena in
PEMFC. Except few models, all of them were mainly focused on particular
area/processes of the PEMFC. Also the few full models attempted were solved
using separate equations governing each region of PEMFC.

But in this project, the model used the single domain approach, in which a
single set of governing equations valid for all sub regions is used. The fuel cell
operations under isothermal conditions are described by mass, momentum, species
and change conservation principles.

The various stages involved in the development of the CFD model and the
project as a whole is as follows:

Development of basic goveming equations needed for the CFD model.

These equations simulate the actual electro-chemical phenomena in the PEMFC

Lsd



and have been incorporated by several people working in the field of CFD
modeling of the different fuel cells as a whole.

The governing equations are discretised using the control-volume based
CFD technique and the one-dimensional model is solved by Tri-diagonal Matrix
algorithm.

The model is also validated with the calculation procedure to qualify the
various parameters in PEMFC for a given power requirement is also incorporated

from the results of the CFD model.
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LITERATURE SURVEY



alters the current distribution by changing the relative influence of ohmic to

activation over-potentials.

Brenda (2004), a one-dimensional, isothermal model for a direct methanol fuel
cell (DMFC) is presented. The model accounts for the kinetics of the multi-step
methanol oxidation reaction at the anode. Diffusion and crossover of methanol are
modeled and the mixed potential of the oxygen cathode due to methanol crossover
is included. Kinetic and diffusion parameters are estimated by comparing the
model to data from a 25 ¢cm2 DMFC. This semi-analytical model can be solved
rapidly so that it is suitable for inclusion in real-time system level DMFC
simulations. A semi-analytical, one-dimensional, isothermal model of a DMFC
has been developed. Using reasonable transport and kinetic parameters the model
fits well to experimental polarization data. The model allows prediction of
concentration profiles in the anode and membrane as well as estimating methanol

CrosSsOver.

Kenneth Armstrong (2004), a series of steady-state microscopic continuum
models of the cathode catalyst layer (active layer) of a proton exchange membrane
fuel cell are developed and presented. This model incorporates O2 species and ion
transport while taking a discrete look at the platinum particles within the active
layer. The original 2-dimensional axisymmetric Thin Film and Agglomerate
Models of Bultel, Ozil, and Durand were initially implemented, validated, and
used to generate various results related to the performance of the active layer with
changes in the thermodynamic conditions and geometry. The Agglomerate Model
was then further developed, implemented, and validated to include among other
things pores, flooding, and both humidified air and humidified O2. All models
were implemented and solved using FEM and a computational fluid dynamics
(CFD) solver, devetoped by Blue Ridge Numeric Inc. (BRNI) called CFDesign.
The use of these models for the discrete modeling of platinum particles is shown
to be beneficial for understanding the behavior of a fuel cell. The addition of gas
pores is shown to promote high current densities due to increased species transport
throughout the agglomerate. Flooding is considered, and its effect on the cathode
active layer is evaluated. The model takes various transport and electrochemical

kinetic parameters values from the literature in order to do a parametric study



showing the degree to which temperature, pressure, and geometry are crucial to
overall performance. This parametric study quantifies among number of other
things the degree to which lower porosities for thick active layers and higher
porosities for thin active layers are advantageous to fuel Cell performance.
Cathode active layer performance is shown not to be solely a function of catalyst

surface area but discrete catalyst placement within the agglomerate.

Keith Promislow and Brian Wetton (2004), the authors develop a model of
steady state thermal transfer in polymer electrolyte membrane fuel cell stacks. The
model is appropriate for straight coolant channel unit cell designs and considers
quantities averaged over the cross-channel direction, ignoring the impact of the
gas and coolant channel geometries. At steady state and under the assumption that
the membrane and electrodes are infinitesimally thin, a simple description can be
made of the temperature distribution in the cells. The model provides estimates on
two important quantities: the local temperature difference between coolant and
membrane, and the spread of heat from an anomalously hot cell to its neighbour in
a stack environment. The former question is easy to address after the model is
presented. The latter requires small argument Lap lace Transform asymptotics that
comesponds to a large scaled heat transfer coefficient to the coolant channels.
Results of computational approximation of the model are also shown and

compared to the asymptotics.

McGarry and Grega (2005), the mass flow distribution and local flow structures
that lead to areas of reactant starvation are explored for a small power large active
area PEM fuel cell. A numerical model was created to examine the flow
distribution for three different inlet profiles; blunt, partially developed, and fully
developed. The different inlet profiles represent the various distances between the
blower and the inlet to the fuel cell and the state of flow development. The
partially and fully developed inlet profiles were found to have the largest
percentage of cells that are deficient, 20% at a flow rate of 6.05 gfs. Three
different inlet mass flow rates (stoichs) were also examined for each inlet profile.
The largest percent of cells deficient in reactants is 27% and occurs at the highest
flow rate of 9.1 g/s (3 stoichs) for the partially and fully developed turbulent

profiles. In addition to the uneven flow distribution, flow separation occurs in the



front four channels for the blunt inlet profile at all flow rates examined. These

areas of flow separation lead to localized reactant deficient areas within a channel.

Qingyun Liu and Junxiao Wu (2005), a multi-resolution simulation method was
developed for the polymer electrolyte membrane (PEM) fuel cell simulation: a full
3D model was employed for the membrane and diffusion layer; a 1D+2D model
was applied to the catalyst layer, that is, at each location of the fuel cell plate, the
governing equations were integrated only in the direction perpendicular to the fuel
cell plate; and a quasi-1D model with high numerical efficiency and reasonable
accuracy was employed for the flow channels. The simulation accuracy was
assessed in terms of the fuel cell polarization curves and membrane Ohmic over
potential. Oﬁerall, good agreements between the simulated results and the
experimental data were obtained. However, at large current densities, with high
relative humidity reactant inputs, the simulation under-predicted the fuel cell
performance due to the single-phase assumption; the simulation slightly over-
predicted the fuel cell performance for a dry cathode input, possibly due to the
non-linearity of the membrane properties in dehydration case. Further, a parameter
study was performed under both fully humidified and relatively dry conditions for
the parameters related to the cathode catalyst layer and the gas diffusion layer
(GDL). 1t is found that the effects of liquid water in both the GDL and catalyst
layer on the cell performance, and the accurate identification of the cathode
catalyst layer parameters such as the cathodic transfer coefficient should be

focused for future studies in order to further improve the model accuracy.

Shaoping Li, William Wangard and Ulrich Becker (2005), a 3-dimensional,
two-phase Computational Fluid Dynamics (CFD) model for PEMFC simulations
has been developed and implemented in FLUENT, a general-purpose commercial
software package with multi-physics capabilities. The model formulation was
given in details in the previous ASME fuel cell conference, together with in-situ
distributions of current densities and species concentrations computed for a simple
geometry. In this paper, numerical performance of this model in terms of
computing time and parallel efficiency are assessed through the computation of a
relatively larger-size fuel cell (50 cm?) with serpentine channels. The convergence

history and parallel performance data show that the Fluent's PEMFC model is



numerically robust and efficient. In addition to the numerical performance, the
physical validity of the model is tested through comparisons with experimental
data of polarization curves and local current density distributions from the most
recent work of Mench. Comparisons with the data show good agreement in the
overall polarization curves and reasonably good agreement in local current density
distributions too. The comma-shaped local polarization curves seen in the
experiments are qualitatively correctly captured. Moreover, our computations
show that hydrogen mass fraction and molar concentration can both increase
along the anode flow channel, despite that hydrogen is being depleted in the
anodic electrochemical reaction. The reason for this to happen is that the osmotic
drag moves the water from anode to cathode at a much faster rate than the
hydrogen depletion rate. An analytical derivation that reveals the relationship

between species molar concentration and mass fraction is also given.

Shih-Hung Chan and Karam Beshay (2005), the proton-exchange membrane
(PEM) fuel cell works under low temperatures and hence is suitable for the
automotive industry. The produced water vapor in the vicinity of the membrane
may condense into liquid water, if the water mass fraction is higher than the
saturation value corresponding to the local temperature. In this case the flowing
fluid inside the layers of the PEMFC is a 2-phase flow. The locally homogeneous
flow (LHF) model has been previously used for modeling the 2-phase flow 1n
PEM fuel cells, with limited success. This model could not predict the blocking
effect of the liquid phase, since both phases flow locally with the same velocity,
according to the LHF model. In contrast to complete coupling of the two phases,
assumed by the LHF model, a blocking model was used by some investigators
where the liquid is totally uncoupled to the gas phase. This assumption causes the
liquid to become essentially stationary inside the pores of the GDL and catalyst
layers and hence only the gas phase equations need to be considered. Both of
these extreme models were only successful to a limited extent. Numerical
computations are carried out for a typical proton exchange membrane fuel cell that
has experimental data. In order to obtain complete performance results, the
computations are repeated for increasing fuel cell electric current densities until
the limiting current is reached. The obtained two-fluid and single-phase

simulations are compared with the corresponding experimental and numerical data

10



available in the literature. The 2-fluid model shows that the blocking effect of the
liquid phase starts to dominate, for cell voltage less than 0.65 V; in this case, the
flowing 2-phase flow produces faster drop in cell voltage as the loading electric
current increases. This phenomenon was partially hindered by the LHF model but
essentially completely bypassed by the single-phase simulations. The 2-fluid
simulations show that most of the liquid dispersed phase is concentrated in the
cathode, reaching maximum value near the cathode catalyst layer- membrane
interface. This behavior results from the lack of mobility of the liquid water inside

the pores.
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FUEL CELL



3.1 INTRODUCTION

A fuel cell is an electrochemical device, which directly converts chemical

energy stored in a fuel and an oxidizer into electrical energy.
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FIGURE 3.1 FUEL CELL

In principle, a fuel cell operates like a battery. Unlike a battery, a fuel cell
does not run down or require recharging. It will produce energy in the form of
electricity and heat as long as fuel is supplied.

A fuel cell consists of two electrodes sandwiched around an electrolyte as
shown in Figure 3.1. Oxygen passes over one electrode and hydrogen over the
other, generating electricity, water and heat.

Hydrogen fuel is fed into the "anode" of the fuel cell. Oxygen (or air)
enters the fuel cell through the cathode. Encouraged by a catalyst, the hydrogen
atom splits into a proton and an electron, which take different paths to the cathode.
The proton passes through the electrolyte. The electrons create a separate current
that can be utilized before they return to the cathode, to be reunited with the
hydrogen and oxygen in a molecule of water.

A fuel cell system, which includes a “fuel reformer”, can utilize the
hydrogen from any hydrocarbon fuel - from natural gas to methanol, and even
gasoline. Since the fuel cell relies on chemistry and not combustion, emissions
from this type of a system would still be much smaller than emissions from the

cleanest fuel combustion processes.
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3.2 TYPES OF FUEL CELL

3.2.1 Phosphoric Acid Fuel Cell (PAFC)

This type of fuel cell is commercially available today. More than 200 fuel
cell systems have been installed alt over the world - in hospitals, nursing homes,
hotels, office buildings, schools, utility power plants, an airport terminal, landfills
and waste water treatment plants. PAFC’s generate electricity at more than 40%
efficiency and nearly 85% of the steam this fuel cell produces is used for
cogeneration, this compares to about 35% for the utility power grid in the United
States.

Operating temperatures are in the range of 300 to 400°F (150 - 200°C). At
lower temperatures, phosphoric acid is a poor ionic conductor, and carbon
monoxide (CO) poisoning of the Platinum (Pt) electro-catalyst in the anode
becomes severe. The electrolyte is liquid phosphoric acid soaked in a matrix. One
of the main advantages to this type of fuel cell, besides the nearly 85%
cogeneration efficiency, is that it can use impure hydrogen as fuel. PAFCs can
tolerate a CO concentration of about 1.5 percent, which broadens the choice of
fuels they can use. If gasoline is used, the sulfur must be removed. Disadvantages
of PAFC’s include: it uses expensive platinum as a catalyst, it generates low
current and power comparably to other types of fuel cells, and it generally has a
large size and weight. PAFC’s, however, are the most mature fuel cell technology.
Through organizational linkages with Gas Research Institute (GRI), electronic
utilities, energy service companies, and user groups, the Department of Energy
(DOE) helped in bringing about the commercialization of a PAFC, produced by
ONSI (now UTC Fuel Cells). Existing PAFC’s have outputs up to 200 kW, and 1
MW units have been tested.

Anode: H; (g) > 2H+Haq)+ 2e-

Cathode: %0a(g) + 2H+(aq) + 2e- -> H20 (1)

Cell: H; (g) + AOx(g)+ COz > H0 () + CO2

3.2.2 Polymer Electrolyte Membrane (PEM)

These cells operate at relatively low temperatures (about 175°F or 80°C), have
high power density, can vary their output quickly to meet shifts in power demand, and
are suited for applications, such as in automobiles; where quick startup is required.

According to DOE, "They are the primary candidates for light-duty vehicles, for

14



buildings, and potentially for much smaller applications such as replacements for
rechargeable batteries”.

The Polymer Electrolyte Membrane is a thin plastic sheet that allows
hydrogen ions to pass through it. The membrane is coated on both sides with highly
dispersed metal alloy particles (mostly platinum) that are active catalysts. The
electrolyte used is a solid organic polymer poly-perflourosulfonic acid. The solid
electrolyte is an advantage because it reduces corrosion and management problems.
Hydrogen is fed to the anode side of the fuel cell where the catalyst encourages the
hydrogen atoms to release electrons and become hydrogen ions {protons).

The electrons travel in the form of an electric current that can be utilized
before it returns to the cathode side of the fuel cell where oxygen has been fed. At the
same time, the protons diffuse through the membrane (electrolyte) to the cathode,
where the hydrogen atom is recombined and reacted with oxygen to produce water,
thus completing the overall process. This type of fuel cell is, however, sensitive to
fue!l impurities. Cell outputs generally range from 50 to 250 kW.

Anode: H, (g) > 2H+(aq) + 2e-

Cathode: %04(g) + 2H+(aq) + 2e- -> H,O (1)

Cell: H; (g) + ¥202(g) -> H:0 ()

3.2.3 Molten Carbonate Fuel Cell (MCFC)

These fuel cells use a liquid solution of lithium, sodium and/or potassium
carbonates, soaked in a matrix for an electrolyte. They promise high fuel-to-
electricity efficiencies, about 60% normally or 85% with cogeneration, and
operate at about 1,200°F or 650°C.

The high operating temperature is needed to achieve sufficient
conductivity of the electrolyte. Because of this high temperature, noble metal
catalysts are not required for the cell's electrochemical oxidation and reduction
processes. To date, MCFC’s have been operated on hydrogen, carbon monoxide,
natural gas, propane, landfill gas, marine diesel, and simulated coal gasification
products. 10 kW to 2 MW MCFC’s have been tested on a variety of fuels and are
primarily targeted to electric utility applications.

Carbonate fuel cells for stationary applications have been successfully
demonstrated in Japan and Italy. The high operating temperature serves as a big

advantage because this implies higher efficiency and the flexibility to use more
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types of fuels and inexpensive catalysts as the reactions involving breaking of
carbon bonds in larger hydrocarbon fuels occur much faster as the temperature is
increased. A disadvantage to this, however, is that high temperatures enhance
corrosion and the breakdown of cell components.

Anode: H2 (g) + CO;. -> H,O (g) + CO2 (g) + 2e-

Cathode: %0q(g) + CO, (g) + 2e- > COs.

Cell: H (g) + %402(g) + CO2 (g) -> H20 (g) + CO2 (g)

3.2.4 Solid Oxide Fuel Cell (SOFC)

Another highly promising fuel cell, this type could be used in big, high-
power applications including industrial and large-scale central electricity
generating stations. Some developers also see SOFC use in motor vehicles and are
developing fuel ceil auxiliary power units (APU) with SOFC’s. A solid oxide
system usually uses a hard ceramic material of solid zirconium oxide and a small
amount of ytrria, instead of a liquid electrolyte, allowing operating temperatures
to reach 1,800°F or 1000°C.

Power generating efficiencies could reach 60% and 85% with cogeneration
and cell output is up to 100 kW. One type of SOFC uses an array of meter-long
tubes, and other variations include a compressed disc that resembles the top of a
soup can. Tubular SOFC designs are closer to commercialization and are being
produced by several companies around the world. Demonstrations of tubular
SOFC technology have produced as much as 220 kW. Japan has two 25 kW units
online and a 100 kW plant being testing in Europe.

Anode: Hy (g) + Oz -> H0 (g) + 2e-

Cathode: 20q(g) + 2e- > Oa.

Cell: Hz (g) + 402(g) -> H20 (g)

3.2.5 Alkaline

Long used by NASA on space missions, these cells can achieve power
cenerating efficiencies of up to 70 percent. They were used on the Apollo
spacecraft to provide both electricity and drinking water. Their operating
temperature is 150 to 200°C (about 300 to 400°F). They use an aqueous solution

of alkaline potassium hydroxide soaked in a matrix as the electrolyte. This is
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advantageous because the cathode reaction is faster in the alkaline electrolyte,
which means higher performance. Until recently they were too costly for
commercial applications, but several companies are examining ways to reduce
costs and improve opei:ating flexibility. They typically have a cell output from 300
watts to 5 kW.

Anode: H; (g) + 2(0H) (2q) -> 2H2O(1) + 2e-

Cathode: 1402(g) + H20 (1) + 2e- -> 2(OH) (aq)

Cell: H; (g) + 20(g) > H20 (1)

3.2.6 Direct Methanol Fuel Cell (DMFC)

These cells are similar to the PEM cells in that they both use a polymer
membrane as the electrolyte. However, in the DMFC, the anode catalyst itself
draws the hydrogen from the liquid methanol, eliminating the need for a fuel
reformer. Efficiencies of about 40% are expected with this type of fuel cell, which
would typically operate at a temperature between 120-190°F or 50 —100°C. This is
a relatively low range, making this fuel cell attractive for tiny to mid-sized
applications, to power cellular phones and laptops. Higher efficiencies are
achieved at higher temperatures. A major problem, however, is fuel crossing over
from the anode to the cathode without producing electricity. Many comparies
have said they solved this problem, however. They are working on DMFC
prototypes used by the military for powering electronic equipment in the field.

Anode: CH;0H (ag) + H20 (1) -> CO; (g) + 6H'(aq) + Ge-

Cathode: 6H'(aq) + 6e- + 3/20;(g) -> 3H0(1)

Cell: CH;0H (aq) + 3/20x(g) -> COz (g) + 2H20(1)

3.2.7 Regenerative Fuel Cell

Regenerative fuel cells would be attractive as a closed-loop form of power
generation. Water is separated into hydrogen and oxygen by a solar-powered
electrolyser. The hydrogen and oxygen are fed into the fuel cell, which generates
electricity, heat and water. The water is then re circulated back to the solar-
powered electrolyser and the process begins again. NASA and others are currently

researching these types of fuel cells worldwide.
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3.2.8 Zinc-Air Fuel Cell (ZAFC)

In a typical zinc/air fuel cell, there is a gas diffusion electrode {GDE), a
zinc anode separated by electrolyte, and some form of mechanical separators. The
GDE is a permeable membrane that allows atmospheric oxygen to pass through.
After the oxygen has converted into hydroxyl ions and water, the hydroxyl ions
will travel through an electrolyte, and reaches the zinc anode. Here, it reacts with
the zinc, and forms zinc oxide. This process creates an electrical potential; when a
set of ZAFC cells are connected, the combined electrical potential of these cells
can be used as a source of electric power. This electrochemical process is very
similar to that of a PEM fuel cell, but the refueling is very different and shares
characteristics with batteries.

ZAFC’s contain a zinc "fuel tank" and a zinc refrigerator that
automatically and silently regenerates the fuel. In this closed-loop system,
electricity is created as zinc and oxygen are mixed in the presence of an
electrolyte (like a PEMFC), creating zinc oxide. Once fuel is used up, the system
is connected to the grid and the process is reversed, leaving once again pure zinc
fuel pellets. The key is that this reversing process takes only about 5 ninutes to
complete, so the battery recharging time hang up is not an issue. The chief
advantage zinc-air technology has over other battery technologies is its high
specific energy, which is a key factor that determines the running duration of a
battery relative to its weight. When ZAFC’s are used to power EVs, they have
proven to deliver longer driving distances between refuels than any other EV
batteries of similar weight. Moreover, due to the abundance of zinc on earth, the
material costs for ZAFC’s and zinc-air batteries are low. Hence, zinc-air
technology has a potential wide range of applications, ranging from EVs,
consumer electronics to military. Powerzine in southern California is currently

commercializing their zinc/air technology for a number of different applications.

3.2.9 Protonic Ceramic Fuel Cell (PCFC)

This new type of fuel cell is based on a ceramic electrolyte material that
exhibits high Protonic conductivity at elevated temperatures. PCFC’s share the
thermal and kinetic advantages of high temperature operation at 700°C with

molten carbonate and solid oxide fuel cells, while exhibiting all of the intrinsic
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benefits of proton conduction in polymer electrolyte and phosphoric acid fuel cells
(PAFCs). The high operating temperature is necessary to achieve very high
electrical fuel efficiency with hydrocarbon fuels.

PCFC’s can operate at high temperatures and electrochemically oxidize
fossil fuels directly to the anode. This eliminates the intermediate step of
producing hydrogen through the costly reforming process. Gaseous molecules of
the hydrocarbon fuel are absorbed on the surface of the anode in the presence of
water vapor, and hydrogen atoms are efficiently stripped off to be absorbed into
the electrolyte, with carbon dioxide as the primary reaction product. Additionally,
PCFC’s have 2 solid electrolyte so the membrane cannot dry out as with PEM fuel
cells, or liquid can't leak out as with PAFCs. CoorsTek is primarily researching

this type of fuel cell.
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CHAPTER 4

COMPUTATIONAL FLUID
DYNAMICS



4.1 INTRODUCTION

Computational Fluid Dynamics or simply CFD is concemed with
obtaining numerical solution to fluid flow problems by using computers. The
advent of high-speed and large-memory computers has enabled CFD to obtain
solutions to many flow problems including those that are compressible or
incompressible, laminar or turbulent, chemically reacting or non-reacting.

The equations govemning the fluid flow problem are the continuity
(conservation of mass), the Navier-Stokes (conservation of momentum), and the
energy equations. These equations form a system of coupled non-linear partial
differential equations (PDE’s). Because of the non-linear terms in these PDE's,
analytical metbods can yield very few solutions. In general, closed form apalytical
solutions are possible only if these PDE’s can be made linear, either because non-
linear terms naturally drop out (e.g., fully developed flows in ducts and flows that
are in viscose and irrotational everywhere) or because nonlinear terms are small
compared to other terms so that they can be neglected (e.g., creeping flows, small
amplitude sloshing of liquid etc.). If the non-linearity in the goveming PDE’s
cannot be neglected, which is the situation for most engineering flows, then
numerical methods are needed to obtain solutions.

CFD is the art of replacing the deferential equation governing the Fluid
Flow, with a set of algebraic equations (the process is called Discretisation), 1 that
in turn can be solved with the aid of a digital computer to get an approximate
solution. The well-known Discretisation methods used in CFD are Finite
Deference Method (FDM), Finite Volume Method (FVM), Finite Element Method
(FEM), and Boundary Element Method (BEM).

FDM is the most commonly used method in CFD applications. Here the
domain including the boundary of the physical problem is covered by a grid or
mesh. At each of the interior grid point the original Deferential Equations are
replaced by equivalent finite deference approximations. In making this
replacement, we introduce an error, which is proportional to the size of the grid.
Making the grid size smaller to get an accurate solution within some specified

tolerance can reduce this error.
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Commercial CFD codes such as FLUENT, PHOENIX, CFX, CFD++ and
Star-CD have also developed to a point that the user need not be an expert on CFD
in order to successfully put it to use. The end-user must however have a good
knowledge of fluid dynamics for a successful simulation with credible resuits to
be obtained. Therefore, used correctly, CFD codes can reduce time and cost of
experiments in product development or process improvement.

The rest of the chapter discusses the various areas of CFD in the following
order:

» Govemning equations

» Grid generation techniqgues

» Boundary conditions that define a CFD problem
» Solution algorithms and convergence criteria

» Basic background on the CFD solver used {FLUENT)

4.2 GOVERNING EQUATIONS
The governing equations of fluid behavior are given in equations. These
equations are given for compressible flow, but can be easily simplified for

incompressible flow. In the Eulerian system, the particle derivative is described as

follows

il (.1)
Where

(7.V)= dF:%*%J’g—; e (42)

This particle derivative will be used in the sections to follow to present the

Navier-Stokes equations in conservative form.

4.2.1 Conservation of Mass

The equation for conservation of mass in conservative form is given as

aa'i v v i) - (4.3)
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Where p is the density and V is the vector velocity of the fluid.

4.2.2 Conservation of Momentum
The equations for conservation of momentum in the three Cartesian
directions are presented.

B(pu) 6(,0 ] a(puv) 6(puw)

ox o7

op O du 5] Jv  Bu Ie] Ju  Ow
=L AVY v 2|+ —_—t— |+ = —+—
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These equations can be rewritten as a single vector equation using indicial
notation:
D,o?

— d dv dv —
= — A + SpAdV
Dt PE P * 3x), l:#[ 6‘x ; 8x5 1 * v :] _____ (4?)

4.2.3 The Energy Equation
The energy equation, which in essence is the first law of thermodynamics,

is given in its most economic form as follows:
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Where the viscous stresses are given by the stress tensor:

8u,; + au_}
Ty =
7 =M e, o, —— (49)

43 PROGRAM STRUCTURE

Figure 4.1 shows the organizational structure of these components.

GAMBIT auesn | Other CADICAE
.gumakymhp Y
- 20 mash gesaalion Packages
Bowntay Boundary aador
2NT0 Mesh pas ——
prePDF
- calruiiion of POF | ‘
WHPEES | | FLUENT —y
- mesh inpartand
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FIGURE 4.1 BASIC PROGRAM STRUCTURE
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FLUENT package includes the following products:

FLUENT - the solver.

PrePDF - the preprocessor for modeling non-premixed combustion
in FLUENT.

GAMBIT - the preprocessor for geometry modeling and mesh
generation.

Tgrd - an additional preprocessor that can generate volume

meshes from existing Boundary meshes.

Translators

(translators) for import of surface and volume meshes
from CAD/CAE packages such as ANSYS, CGNS, I-
DEAS, NASTRAN, PATRAN, and others.

GAMBIT is used to create geometry and gnd. See the GAMBIT
documentation for details. Also use TGrid to generate a triangular, tetrahedral, or
hybrid volume Mesh from an existing boundary mesh (created by GAMBIT or a
third-party CAD/CAE Package). See the TGrid User's Guide for details. It is also
possible to create grids for FLUENT using ANSYS (Swanson Analysis Systems,
Inc.), CGNS (CFD general notation System), or IDEAS (SDRC), or
MSC/ARIES, MSC/PATRAN, or MSC/NASTRAN (all from MacNeal-
Schwendler Corporation). Interfaces to other CAD/CAE packages may be made
Available in the future, based on customer requirements, but most CAD/CAE
packages can export grids in one of the above formats.

Once a grid has been read into FLUENT, all remaining operations are
performed within the solver. These include setting boundary conditions, defining
fluid properties, executing the solution, refining the grid, and viewing and post
processing the results. Note that preBFC and GeoMesh are the names of Fluent
preprocessors that were used before the introduction of GAMBIT. You may see

some references to preBFC and GeoMesh in this manual, for those.users who are

.\

still using grids created by these programs. / P_. ) {;é g
\\"
4.3.1 Grid generation and GAMBIT NI

The grid generation process or meshing involves dividing the flow domain

into smaller control velumes over which the discretised Navier-Stokes equations
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are solved. Grid (mesh) types can be classified into two categories namely;
structured and unstructured grids. The mentioned types of grids find use in
different applications and used in the meshing process in this study.

Structured grids consist of grid lines with a characteristic of not crossing or
overlapping. The position of any grid point is uniquely identified by a set of two
(2-D) or three (3-D) dimensiconal indices, e.g., (i, j, k). Unstructured grids make no
assumption about any structure in the grid definition and usually consist of
triangular (tetrahedral (tet) m 3D) elements.

A numerically generated structured grid or mesh, is understood here to be
the organized set of points formed by the intersections of the lines of a boundary
conforming to a curvilinear coordinate system. The prime feature of such a system
is that some coordinate line (surface in 3D) is coincident with each segment of the
boundary of the physical region.

The use of coordinate line intersections to define the grid points provides
an organizational structure that allows all computations to be done on a fixed
square grid when partial differential equations of interest have been transformed
so that the curvilinear coordinates replace the Cartesian coordinates as the
independent variables. This grid frees the computational simulation from
restriction to certain boundary shapes and allows general flow solvers to be
written in which the boundary shape is specified simply by mput.

Grid generation for the purposes of this research takes place in FLUENT s
pre-processor, GAMBIT. GAMBIT is a versatile pre-processor that can support a
large variety of commercially available computer-aided design (CAD) platforms.
Raw geometry can be imported from these CAD packages into GAMBIT where it
is operated on (i.e., the necessary simplification for CFD purposes are made), in
preparation for meshing,.

Various meshing schemes are available in GAMBIT and are used where
suitable in the grid generation process. Most of these schemes are unique to
GAMBIT and are not necessarily documented, as they may be modifications of
existing meshing schemes. GAMBIT allows the user to specify any volume to be
meshed, although the shape and topological characteristics of the volume
determine which mesh schemes can be used.

Different meshing schemes such as Hex, Hex/wedge and Tet Hybnd, can

be specified on volumes to be meshed. The Hex mesh is composed of hexahedral
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elements only constituting a fully structured mesh. The Hex/wedge mesh
comprises mainly of hexahedral elements with wedge elements where necessary.
However, Hex and Hex/wedge elements do not apply to any shape volume, as
opposed to Tet Hybrid meshes. The versatility of the Tet Hybrid element makes it
appreciable for use where the volume is complex and none of the other meshes
can be applied. Solution inaccuracies associated with the Tet Hybrid element type
are, however, more significant than for any of the other element types. Each
element type is associated with a volume-meshing scheme and only those schemes

used in this study will be discussed.

4.3.2 Boundary Conditions

In mathematics, any solution to a set of partial differential equations
(PDE’s) requires a set of boundary conditions for closure and the solution of the
governing equatlons is no exception.

CFD simulations largely depend on the boundary conditions specified;
hence correct boundary specification improves convergence to a correct solution.
Incorrect boundary and initial conditions, however, can give convergence
although not to a correct solution. There are wide variety of boundary types
available in FLUENT, but only those used in this study will be given.

Flow inlet and exit boundaries

Pressure inlet: Used to define the total pressure and other scalar
quantities at flow inlets.

Pressure outlet: Used to define the static pressure at flow outlets (and also
other scalar variables, in case of backflow). The use of a pressure outlet
boundary condition instead of an outflow condition often results in a better
rate of convergence when backflow occurs during iteration. Note that
when backflow occurs, this boundary acts like a pressure inlet boundary.
Wall and symmetry:

Wall: Used to define a solid-fluid interface where viscous flow is
considered, thus applying a no-slip condition. The boundary condition on a
surface assumes no relative velocity between the surface and the gas

immediately at the surface.
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Symmetry: Used to define surfaces at which normal velocity and normal
gradients of all other variables are zero. This boundary type is essential
where the geometry is symmetrical in nature, and only half the domain is

specified.

4.3.3 Solution Algorithms

The governing equations of fluid flow are particularly difficult to solve
because of their non-linear nature. Much work has been done in numerical
methods to solve for these types of equations. Some proven and popular methods
worthy of note are SIMPLE, SIMPLE-C, SIMPLER, QUICK and PISO. These
methods are appreciated because of their robustness when applied to a variety of
problems. In this study, steady state and transient flows are solved using the
SIMPLE and PISO algorithms respectively.

The acronym, SIMPLE, stands for Semi-Implicit Method of Pressure-
Linked Equations, and describes the iterative procedure by which a solution to
discretised equations is obtained. This method is well suited to steady-state
solution computation. The iterative procedure is the pseudo-transient treatment of
the unsteady governing equations in a discrete form to obtain a steady-state
solution. Patankar and Spalding introduced SIMPLE. The SIMPLE algorithm has
a limitation in that new velocities and corresponding fluxes do not satisfy the
momentum balance after the pressure-correction equation is solved. As a result,
the calculation must be repeated until the balance is satisfied. The PISO algorithm
improves the efficiency of this calculation by performing two additional
corrections namely, neighbour and skewness correction.

PISO, which stands for Pressure-Implicit with Splitting of Operators, is a
pressure-velocity coupling scheme that is part of the SIMPLE family of
algorithms. This scheme is based on the higher degree of the approximate relation
between the corrections for pressure and velocity. In highly distorted meshes, the
approximate relationship between the correction of mass flux at the cell face and
the difference of the pressure corrections at the adjacent cells is very rough. An
iterative process is required to solve for the pressure-correction gradient
components along cell faces since they are not known beforehand leading to the

introduction of a process named skewness cormrection. Here, the pressure-
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correction gradient is recalculated and used to update the mass flux corrections
after the initial solution of the pressure-correction equation is obtained. This
process significantly reduces convergence difficulties associated with highly
distorted meshes and allows FLUENT to obtain solution on a highly skewed mesh
in approximately the same number of iterations as required for a more orthogonal
mesh. The PISO algorithm is used in this study for calculation of the unsteady gas
behavior due to its efficient nature and suitability for transient computations as

recommended in FLUENT.

4.3.4 Convergences

Convergence of a flow or heat problem can be judged by observing the
normalized residuals. Residuals are numerical imbalances from the solved
governing equations resulting from an incomplete solution during the iterative
process. The solution process can be terminated when the normalized residuals
fall below a specified value, which is generally 10-3. However, in some cases
even with the convergence criteria (as far as normalized residuals are concerned)
satisfied, the solution may not necessarily be a correct one. To avoid such
instances, quantities such as mass flow rate; static pressure and heat flux can be
monitored at a location in the flow domain that is deemed to be important. The
monitored quantity is observed until the change from iteration to iteration is

negligible thus ensuring good convergence.

4.3.5 Background on the CFD solver used (FLUENT)

FLUENT is a finite volume (FV) solver that can handle a wide variety of
flow problems such as external flow, internal flow, and two-phase flow. All
modes of heat transfer can also be solved by the CFD code. This code 1s used for
all CFD analyses throughout this study.

Modem CFD packages are user-friendly with improved user and code
interfacing. Thus understanding the underlying principles of flow is important in
order to put the code to good use. FLUENT has a facility for coding to make
repetitive simulations, as in an optimization loop, more efficient and hence save

time. This facility makes use of a journal file, which is a file containing a list of
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» Definition of fluid properties.
> Specification of appropriate boundary conditions at cells, which

coincide with or touch the domain boundary.

44.2 Solver
The numerical methods that form the basis of the solver perform the
following steps:
» Approximation of the unknown flow variables by means of simple
functions.
» Discretisation by substitution of the approximations into the
governing flow equations and subsequent mathematical
manipulations.

» Solution of the algebraic equations.

4.4.3 Post-processor
CFD packages are now equipped with versatile data visualization tools.
These include
» Domain geometry & Grid display.
» Vector plot.
» Line and shaded contour plot.
» 2D & 3D surface plots.
> Particle tracking.
» View manipulation (Translation, Rotational, Scaling).
>

Color postscript output.

4.4.4 CFD Simulation

The process of performing single CFD simulation is split into components.

Pre-Processor E— Solver > Post-Processor
Setting up the simulation : Pre-processor

Solving for the Flow Field  : Solver

Visualizing the Results : Post-processor
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4,5 PROBLEM SOLVING STEPS

Once you have determined the important features of the problem you want
to solve, you will follow the basic procedural steps shown below.
1. Creating the model geometry and grid.
2. Starting the appropriate solver for 2D or 3D modeling.
3. Importing the grid.
4. Checking the gnid.
5. Selecting the solver formulation.
6. Choosing the basic equations to be solved: laminar or turbulent (or in viscid),
chemical Species or reaction, heat transfer models, etc. Identify additional models
needed: Fans, heat exchangers, porous media, etc.
7. Specifying material properties.
8. Specifying the boundary conditions.
9. Adjusting the solution control parameters.
10. Initializing the flow field.
11. Calculating a solution.
12. Examining the results.

13. Saving the results.
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CHAPTER 5

MODEL DEVELOPMENT



phenomenon. In brief, the model uses a one-dimensional approach where the
independent variables are the electrical potential of the solid (¢;) and liquid (¢)
phases, the hydraulic pressure (P), concentration of Hydrogen (Csx.) and oxygen
(Cs2) in the liquid phase.

The Figure 5.2 shows the cell configuration for the CFD model of the
PEM Fuel Cell.

cathode JT
R

anode

|q Hzo

1,0 €=

NN I
1 23 4 56 7
FIGURE 5.2 CELL CONFIGURATION FOR THE CFD
MODEL

The Regions in the Figure 5.2 are:
1-Anode Flow Channel

2-Anode Diffusion Layer
3-Anode Catalyst Layer
4-Polymer Electrolyte Membrane
5-Cathode Catalyst Layer
6-Cathode Diffusion Layer
7-Cathode Flow Channel
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53 MODEL DESCRIPTION AND FIELD EQUATIONS

The model presented here is a full three-dimensional model that resolves
coupled transport processes in the membrane, catalyst layer, gas diffusion
electrodes and reactant flow channels of a PEM fuel cell. The model was
implemented via a set of user-defined subroutines in a commercial CFD code,
Fluent 6.1. The implementation allows simulations using parallel processing. The

assumptions and governing equations are presented in this section.

5.3.1 Assumptions

Under constant load conditions, a fuel cell is assumed to operate in steady
state. Since the gas streams in the flow channels are humidified, hydrogen and air
at low velocities, laminar flow and ideal gas behavior are assumed. The complex
nature of the transport processes in PEM fuel cells precludes systematic modeling
of all processes in a three-dimensional model, and phenomena that are second

order under normal operating conditions are neglected:

» Steady-state operation of the cell.

s Constant temperature (isothermal) operation of the cell.

o Zero differential gas pressure in the porous medium.

¢ Liquid-phase transport at the anode.

e All water produced in the electrochemical reactions is assumed to be in
the gas phase, and phase change and phase-transport are not considered.

e The membrane is assumed to be fully humidified and its Protonic
conductivity is taken to be constant.

¢ The membrane is considered impermeable to gases and crossover of
reactant gases is neglected.

o Ohmic heating in the bipolar plates and in the gas diffusion electrodes is
neglected due to high conductivity.
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5.3.2 Model equations in gas flow channel

CFD codes are structured around numerical algorithms that solve
equations representing physical conservation laws (mass conservation, momentum
conservation species conservation) in order to obtain the velocity field and
associated mass, heat and scalar transport quantities.

The one-dimensional steady state mass conservation equation is given by:

~ (e pu)=0 - (5.1)

The momentum conservation equation is given by:

%(G mz)’f%(f’) = _KLP(E?- J) (-2)

The species conservation equation i1s given by:

Zemcth-2( 240 —(53)

Charge Conservation equation is given by:

a &
E(ae = ¥s }] =0 ~enes (3.4)

The density of the mixture is calculated using:

1

E_}’i ---- (5.5)
o

)0 =

Density of each species is obtained from the perfect gas law relation:

_ PopM;
pi=—p= - (5.6)

In which p,, corresponds to the anode or cathode side pressure, M; is the

molecular weight, 7 is the temperature and R 1s the universal gas constant.
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5.3.4 Energy transport
The energy equation, which expresses the first law of thermodynamics,

can be expressed as:

VA E+p))= keﬁVT—zh ij +(reﬁf.v) Sy (5.10)

J

Where E is the total energy, ke is the effective conductivity, and j; is the
diffusion flux of species j and h is the enthalpy, terr is the effective stress tensor
matrix and S, is the source term per unit volume per unit time. However, the
dissipation energy will be very low in the fuel cell due to low velocity laminar
flow and can be omitted from the energy equation. The first three terms on the
right-hand side of equation represent the energy transfer due to conduction,

species diffusion, and viscous dissipation, respectively.

5.3.5 Model equations in gas diffusion layer

The gas diffusion electrodes consist of carbon cloth or carbon fiber paper
and can be considered as porous media through which reactant gases are
distributed to the catalyst layer, while the solid matrix of the layer collects current
and connects the reaction zone to the collector plates. The equations that govermn
gas transport phenomena in the diffusion layers are similar to those used in the
channels with the addition of a porosity parameter. The mass conservation

equation is expressed as:

view)=S. (5.11)

In which Sm is a mass source, specified for the anode and cathode.

In Fluent 6.1, a superficial velocity, based on the volumetric flow rate, 1s
used inside the porous medium. This superficial velocity is also used to ensure
continuity of the velocity vectors across the porous medium interface. More
accurate simulations of porous media flows would require solution of the physical
velocity throughout the flow-field, rather than the superficial velocity. Fluent 6.1

provides the possibility of solving the transport equation in the porous media

39



using the physical velocity. However, the inlet mass flow is calculated from the
superficial velocity and therefore the pressure drop across the porous media would
be the same whether the physical or superficial velocity formulation is used.

The porous media model essentially consists of an extra momentum sink
term added to the standard fluid flow. This source term consist of two loss terms,

viscous and inertial:

3 3
1
Smom i =~ ZDﬁwf+ZCUEpvf -= (5.12)
j=1 j=1

Where Smom, is the source term for the momentum equation in the x, C is
the inertial resistance factor matrix and D is a matrix containing the inverse of the
permmeability. Note that the inertial loss term is only significant for high flow
velocities, and its contribution is negligible in the present model. The momentum

sink generates a pressure gradient in the porous region.

5.3.6 Mass transport equation in porous media

The steady state species transport equation in porous media takes the form:

V{ppyi)= V(perﬁ Vy;-) +5; - (5.13)

Is an effective diffusion coefficient that takes into account the effect of
additional drag by the irregular shape and the actual length of the pores in
comparison with a bundle of straight parallel capillaries with constant diameter,

and is given by:

D
D off - y =
i “ (5.14)

Where D; is the diffusion coefficient.
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5,3.7 Energy transport in porous media

Equation is used to calculate the energy transport in the porous media with
an effective thermal conductivity, K., calculated as the volume average of the
fluid conductivity and the solid conductivity (assuming thermodynamic
equilibrium), i.e.:

Keg =7vky + Q- ks (5.15)

Where ki is the thermal conductivity in the fluid phase and ks is the solid

medium thermal cbnductivity.

5.3.8 Potential
The potential distribution in the gas diffusion layer can be calculated by

applying the generic transport equation without the convective terms.
~V(oV¢)=5,

Where s is the electronic conductivity.

5.3.9 Catalyst layer
Current calculations

The current density at both cathode and anode is calculated using equation:

P =5
i=i +i =zo\:ex %{F—;-)—exi{_(_j&ﬂﬂ ----- (5.17)

Where i is the exchange current density, n is the number of electrons per
mole of reactant and R is the universal gas constant, beta 1s the asymmetry
parameter, which is determined empinically to be between 0.4 and 0.6. The

sensitivity of the model to this parameter will be discussed subsequently.

5.3.10 Boundary conditions
Boundary conditions are required at all boundaries of the computational

domains, as well as at internal interfaces.

Inlet
At the inlet of both anode and cathode flow channels the boundary values

are prescribed from the stoichiometric flow rate, temperature and mass fractions.
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The mass flow rate at the inlet is prescribed in conjunction with a fulty developed
laminar flow profile. Exact solutions for such profiles are available for a variety of
cross-sectional areas, but we found it computationally more effective to use an

approximation, which provides values within 1% of the exact solution:

BT -

‘o =um[m+1][n+l] - (518B)

m n
Where Uy is the maximum velocity, a is the half-width of a non-circular
duct, b is the half-height of a non-circular. duct and u,, is the average velocity.

Relations for the values m and n are:

-1.4
a
m=1.7+ 0.5[3] ..... (5.19 A)
a1
Sl g
, 2, Jor <3
sofdd] pfal T G1B)
b 3 b 3

Outlet

The momentum equation solver in Fluent uses a pressure correction
method, which does not allow specification of two different reference pressures in
the computational domain. Since the reactant gas flow channels are separate and
generally at different pressures, pressure boundary conditions are used at the

outlets.

Interface between the electrode and the flow channel

At the interface between the electrode and the flow channel, a user-defined
function (UDF) was implemented to enforce a zero flux of electrons. This is done
by overwriting the value of the potential in the first cell in the flow-channel side
of the interface with the same value as the adjacent cell on the electrode side,

thereby enforcing a zero potential gradient normal to the interface.
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54 MATHEMATICAL MODEL
Useful work (electrical energy) is obtained from a fuel cell only when a

current is drawn, but the actual cell potential (Vcell) is decreased from its
equilibrium thermodynamic potential (E) because of irreversible losses. When
current flows, a deviation from the thermodynamic potential occurs corresponding
to the electrical work performed by the cell. The deviation from the equilibrium
value is called the over potential and has been given the symbol (n). The over
potentials originate primary from activation over potential (nact), ohmic over

potential (nohmic} and diffusion over potential (Nqirr).

Therefore, the expression of the voltage of a single cell is

Veel=E+Tlpet+ Nohmic Mdiff - (5.21)

The reversible thermodynamic potential of the chemical reactions, Hx+O,,

previously described, is given by the equation:

_ .0 _|(RT PH .0
E=E {nF]m[szﬁ} ..... (5.22)

Where the reversible standard potential E° of an electrochemical reaction

is defined as

1]
g 6 (5.23)
nkF

Activation over potential arises from the kinetics of the charge transfer
reaction across the electrode-electrolyte interface. In other words, a portion of the
electrode potential is lost in driving the electron transfer reaction. Activation over
potential is directly related to the nature of the electrochemical reactions and
represents the magnitude of activation energy, when the reaction propagates at the
rate demanded by the current. The activation over potential occur nng at the
electrodes of a PEMFC is given by Eq. (5.24), which is known as the Tafel

equation.

44



¥ 624

Mact = (%} Infio)+ (%J In(7) e (5.24)
Ohmic over potential results from electrical resistance losses in the cell.
These resistances can be found in practically all fuel cell components: ionic
resistance in the membrane, ionic and electronic resistance in the electrodes, and
electronic resistance in the gas Diffusion backings, bipolar plates and terminal
connections. This could be expressed using Ohm's Law equations such as

. pinternal
—iR - (5.25)

Nohmic =

Diffusion over potential is caused by mass transfer himitations on the
availability of the reactants near the electrodes. The electrode reactions require a
constant supply of reactants in order to sustain the current flow.

When the diffusion limitations reduce the availability of a reactant, part of
the available reaction energy is used to drive the mass transfer, thus creating a
corresponding loss in output voltage. Similar problems can develop if a reaction
product accumnulates near the electrode surface and obstructs the diffusion paths or

dilutes the reactants. The diffusion over potential can be expressed as
= By Wi
Adif = ¢ | i -—-—{5.26)

The thermodynamic efficiency of the fuel cell Ex can be determined as the

ratio of output work rate W to the product of the hydrogen consumption rate
my» and the lower heating value of hydrogen LHVy2

= WS"’”
E, =~ e (5.27)
thy, LHV

Once the output voltage of the stack is determined for a given output

current, the gross output power is found as:

Wgross = I°V(:e11 = (5.28)
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The output current is correlated with the hydrogen mass flow rate by the
equation
I.MW .

m H, = T ----- (5.29)

Thus, the thermodynamic efficiency of the firel cell can be simplified as
follows:

_ 2 Vce!.’ F
E, = - (5.30)
MW, LHMV,

5.5 PHYSICAL.  PROPERTIES AND OPERATING
PARAMETERS OF PEM FUEL CELL

The geometry, parameters and operating conditions used in the simulations
are listed in the tables. This is not a very satisfactory way of verifying model
performance. Until progress is made in the difficult problem of obtaining detailed
and reliable, we will continue to use polarization curves and complement the
assessment with an analysis of the physical results obtained with the model. Given
the state of development of PEM fuel cell modeling, the complexity of the
transport phenomena, and the large range of physical scales involved, and the
uncertainty in determining some of the physico-chemical parameters, it is any case
unrealistic to expect accurate quantitative agreement between mathematical and
computational model simulations.

Simulation based on physically representative models should however
yield correct relative trends and provide valuable insight and guidance for design
and optimization. The geometry of the fuel cell simulated in this work is a straight
section consisting of bipolar plates with flow channels separated by 2 membrane—

electrode assembly.
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Another reason for the improved performances is the partial pressure increase in
the reactant gases with increasing operating pressure. Changes in operating
pressure have a large impact on the inlet composition and hence on the current
density, as shown in Figure 5.5. The maximum current density shifts positively
with increasing pressure because the rate of the chemical reaction is proportional
to the partial pressures of the hydrogen and oxygen. Thus, the effect of increased
pressure is most prominent when using air. In essence, higher pressures help to
force the hydrogen and oxygen into contact with the electrolyte. This sensitivity to

pressure is greater at high currents.

16E

¥ T T
= - T
= - -

Current Dens iy ica?)

FIGURE 5.4 RELATIONSHIPS BETWEEN CURRENT
DENSITY, VOLTAGE AND EFFICIENCY FOR DIFFERENT
TEMPERATURE

The fuel cell efficiency is directly proportional to the cell potential;
therefore, efficiency is also a function of current density. Figures 5.4 and 5.5,
therefore, have both voltage and efficiency on the “y" axis. The efficiency at
maximum power is much lower than that at partial loads, which makes the fuel
cells very attractive and efficient for applications with highly variable loads where
most of the time the fuel cell is operated at low load and high efficiency. The fuel
cell's nominal efficiency is therefore an arbitrary value, ranging anywhere
between 0.3 and 0.6, which can be selected for any fuel cell based on economic
rather than on physical constraints.

For example, for a fuel cell at a reactant pressure of 1 atm and 72°C cell
temperature, one may select a maximum operating point at 0.5 V and 0.89 Alem?,

resulting in 0.44 W/cm? and an efficiency of 0.4. However, one may get the same
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power output by selecting 2 cells, connected in series, operating at 0.71 V and
0.31 A/em 2 each. Obviously, the latter would be twice as expensive, but it would
be more efficient (0.57), and therefore would consume less fuel. This example
clearly illustrates that the efficiency of a fuel cell may be “bought” by adding
more cells, and it is driven by economic factors, such as the cost of individual

cells, cost of hydrogen and the resulting cost of generated power.
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FIGURE 5.5 RELATIONSHIPS BETWEEN CURRENT -
DENSITY, VOLTAGE AND EFFICIENCY FOR DIFFERENT
PRESSURE

Retuming to Figures 5.4 and 5.5, the maximum power occurs at
approximately 0.4 to 0.5 V, which corresponds to a relatively high current. At the
peak point, the internal resistance of the cell is equal to the electrical resistance of
the external circuit, However, since efficiency drops with increasing voltage, there
is a tradeoff between high power and high efficiency. Fuel cell system designers
must select the desired operating range according to whether efficiency or power

is paramount for the given application.
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6.3 BOUNDARY CONDITIONS

The boundary conditions are specified in gambit. Boundary conditions
pressure inlet, porous jump, and outflow are shown in Figure 6.4. The pressure
inlet and outflow are given in anode and cathode flow channel surfaces. Porous

jump is given in electrodes. catalyst and membrane surfaces. Other surfaces are

specified as wall.

" Treaocripl

T DR Y
Conand> window nodify noshade
Comwarsds payeice modily "OIOUTFLOVC htype VDUIFLOV" face 'Facd. 367 7

FIGURE 6.4 BOUNDARY CONDITIONS
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6.2 MESHING

Volumetric mesh is created using meshing option. The Figurc 6.2 and 6.3

shows partially meshed model and fully meshed model. Fluent5/6 solver is taken

for solving the meshed model.

CAMBIT  Solver FLUEMT 508 I FUELPER
hpphing Tacy Tace.r? (1505 sements )

DOMLT DISAMLE LOWER LIXT o =
Nuwh guerated fof volow volume 4 oesh volunes - 10953 CIZATAANT- Enables or
dysables {toggle lows: i l' oy
= e g C

[Commmits window nodify nosbads

camerwon:|

FIGURE 6.3 FULLY MESHED MODEL
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6.4 INITIAL CONDITIONS

PrePDF is used to apply initial conditions. The initial conditions are like
number of species used, operating parameters.

When you use the mixture-fraction/PDF model, you begin by preparing a
PDF file with the preprocessor, PrePDF. The PDF file contains look-up tables
relating species concentrations and temperatures to the mixture fraction.

The look-up tables are used by FLUENT to obtain these scalars during the
solution procedure. After creating the PDF file, you will activate the PDF
modeling option in FLUENT and define boundary conditions for the mixture
fraction and its variance. You will then solve the problem in the usual manner,
using the PDF file to describe the system chemistry.

The Figure 6.5 shows the chemical species (fuel, oxidizer and the
products) of this process. Fuel used is Hydrogen, oxidizer is air (contains Nitrogen

and Oxygen) and the product is water.

= prePDE [¥4]

Fle Setup Calodate Display Help
c A
PH .
Ha .
AR i
SPECIES S € MILECULAR TEWPERATURE  ELEWENT COUNT !
COMSIDERED E £ WEIGHT LoW HEGH H 0 N -
1. H2 €0 2.01595 200.0 5008.0 2 9 O i
2. 02 € 0 31.99880 300.8 5000.0 0 2 O i
3. N2 G0 268.04340 300.8 5008.0 6 0 2 ;
4. H20(L) L0 18.01534 273.1 1800.0 2 1 @&
COMHANDS AUVAILABLE FRON MATM:
SETUP READ-INPUT i
READ-PDE-TABLE UIEW-GRAPHECS !
LAMIHAR-FLAWELET-MDDEL LINE-PRENT :
OPTIONS QuIT :
{HRIN)- i
v

FIGURE 6.5 SPECIES PROPERTIES
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The Figure 6.6 shows operating temperature of this process. From the

mathematical model optimum operating characters are taken for analysis.

Z prePUF {V4)
File Setup <Calculte Display Hep
~
................. ADEABATIC CALCULATION. o ... .o imiiian s
POINTS TO-60 PARTIAL-EQUIL BETA-PDF
230 1 F(K) = 343 F-MEAH = 1.00 F-URR = _Q0D
231 a T(K} = 343. F-HERM = 1.00 F-VUaR = .000
{#*)- CALCULATION SUCCEEDED
CONHANDS AURILABLE FROM MATN:
SETUP READ-INPUT
RERD-PDF-TRELE UIEN-GRAPHICS
LANINAR-FLAMELET-MODEL LINHE-PRINT
VRITE-INPUT CALEULATE
UIEW-ALPHA WRITE-PRPF-TABLE
DPTIGHS QuUIT
{HAIN)-
-
T TP o o >

FIGURE 6.6 OPERATING TEMPERATURE

The Figure 6.7 shows the species composition. The figure shows the

relation between the Mole fraction and mixture fraction.

u prePDH/ID (O] Copyrignt 19%4 Fluent Inc.

FIGURE 6.7 SPECIES COMPOSITION
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6.5 GRID CHECK
The Figure 6.8 shows the data of mesh file read from Gambit to Fluent, [ts
shows the flow fields in the cell and the number of nodes generated in the meshed

maodel.

S HLANT {3d. segregated, tam])
Flo Grid Define Solve Adapt Surface Dicplay Plok  Roport  Parakel  Help

> Rrading “EiZBalajizfuel cell\report\GAMBIT MHODELNFILEVFUELPEH.mah™"_ ..
31859 nodesx .
BTM45 mixed wall Faces, zZone 3.
10584 mixed jump Faces, zone &,
5638 mixed outflow faces. rone &,
638 nixed pressure-inlet Faces, zone 6.
639 mixed outflow fFaces, zone 7.
636 mixed pressuve-inlet faces,. zone ¥._
32197Q mixed interior Faces, zone 8.
169097 retrahedral cells, rone 2_

Building...
gridg,
naterials,
interface .
domalins,
zZones
- default-interior
hzpressureinlet
h2outlet
oZpressureinlet
aZoutfFlow
- porous
wall
fFluia
Shell conduction zones,
Done .

FIGURE 6.8 READING MESH FILE

The Figure 6.9 shows the grid check on the meshed model. The grid check

process was taken successfully and there is no error in the meshed model.
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FIGURE 6.9 GRID CHECK
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6.6 ITERATION PROCESS

After giving the conditions in fluent iteration process is taken out. The

Figure 6.10 shows relation between the iterations and various residuals.

B3 ¥ UFNT [0] T tuent Inc

FIGURE 6.10 SCALED RESIDUALS

The Figure 6.11 shows that there is no incomplete particle in the analysis

process. The iteration process is converged at 320 iteration.
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. FIGURE 6.11 ITERATION PROCESS
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CHAPTER 7

RESULTS AND
DISCUSSIONS



The various results are obtained from the analysis of fuel flow in the fuel
cell is discussed in this chapter. The results are pressure, density, velocity

magnitude and turbulent kinetic energy.
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FIGURE 7.1 CONTOURS OF STATIC PRESSURE

The Figure 7.1 shows the contours of pressure of the fluid inside the fuel

cell. Pressure is evenly distributed through the cell volumes.

The Figure 7.2 shows the density of fluid in the cell including the walls of

the cell. It shows the density at the walls.
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FIGURE 7.2 DENSITY OF FLUID IN CELL

The Figure 7.3 shows the density of fluid in flow volume. Flow volume

has inner surfaces of the cell not the walls,
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FIGURE 7.3 DENSITY OF FLUID IN FLOW VOLUME
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The Figure 7.4 shows the velocity in flow volume of the cell. Velocity
magnitude is more at inlet and minimum at outlet. Velocity is graduaily
decreasing from inlet to outlet.
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FIGURE 74 VELOCITY

The Figure 7.5 shows that how the turbulent kinetic energy taken place

inside the cell. It shows that turbulence is more or less same with in the cell.
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FIGURE 7.5 TURBULENT KINETIC ENERGY
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A mathematical model based on physical-chemical knowledge of the
phenomena occurring inside the cell of a PEMFC has been developed and the
effect of operation conditions on cell performance is investigated.

The effect of temperature on the inlet gas composition is particularly
strong in the pressure ranges from 2-to 4 atm. In 5 atm pressure the composition
changes only slightly with pressure. Changes in operating pressure have a large
impact on the inlet composition and, hence, on fuel cell performance.

For steady operation, a fuel cell does not have to be operated at its
maximum power, where the efficiency is lowest. When a higher nominal cell
potential is selected, savings on fuel cost offsets the cost of additional cells.

The results of the present study indicate that operating temperature and
pressure can be optimized, based on cell performance, for given design and other

operating conditions.
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CHAPTER 8

CONCLUSIONS
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