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ABSTRACT

Fuel cells are electrochemical devices that rely on the transport of reactants (oxygen and
hydrogen) and products (water and heat). These transports are coupled with electrochemistry and
further complicated by phase change, porous media (gas diffusion electrodes) and a complex
geometry. This research presents a three dimensional computational model of a proton exchange
membrane fuel cell (PEMFC). It is the aim of this research to develop fundamental understanding
of transport phenomena in PEMFC and to investigate the impact of inlet humidity at both anode
and cathode sides. The mathematical model is limited to single phase flow with electrochemical
reaction in porous media. The results show that at higher humidity condition, higher efficiency is
achieved corresponding to the reaction heat source and water transport. This also includes higher
effects of electro osmotic drag and water back diffusion. Moreover the effect of flow
configurations (Co and Counter Flow) is studied by taking into account the concentration of
hydrogen, oxygen and electrochemical reaction. At the operating potential, we have found that the
effect of flow pattern at low current is insignificant. On the other hand, at high current condition,
the Counter-flow pattern gives higher rate of water and heat sources thus yielding higher voltage

than the Co-flow pattern apparently due to decrease in the concentration loss.
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CHAPTER 1

INTRODUCTION

1.1 Significance and Background

Proton Exchange Membrane Fuel Cell (PEMFC), with its zero emission and numerous
future commercial prospects, is a promising future energy technology. To develop an efficient
fuel cell system, it is necessary to understand its underline mechanisms such as non-uniform
concentration, current density distributions, high ionic resistance due to dry membrane, or high
diffusive resistance due to the flooding on the cathode. These phenomena can cause performance
loss. Water management is a key challenging problem in PEMFC design and operation. Effective
water management is a critical requirement to operate PEMFC at high current density. Membrane
in PEMFC needs to be fully hydrated to conduct ionic current thus low resistive loss. However,
excessive water can result in flooding in the catalyst layer or the diffusion layer. In the worst case,
water in liquid phase will block the reactant flow channels. Numerical simulation is the
interesting tool to be used for this research. Although the model is limited to a single phase flow,
it will be used to predict transport phenomena such as temperature distribution as well as
investigate hydrogen, oxygen and water concentration along the channels, which are affected by
the difference in flow distribution. Our investigation covers co-flow and counter-flow
configuration at low and high current density and also covers a study on the effect of inlet

humidification on the cell performance.

1.2  Objectives
1.2.1 To investigate transport phenomena of Proton Exchange Fuel Cell such as,
temperature distribution, concentration of fuel, reactant and product, water
source term, electro osmotic drag and water back diffusion by numerical

simulation under different flow configuration and inlet humidity.

1.3 Scopes
1.3.1 Investigate the inlet humidification effect (anode and cathode) on cell

performance.



1.3.2  Study the effect of flow configuration (Co-flow and Counter-flow) on cell

performance.

1.4 Expected Benefits
1.4.1  To analyze the significance of inlet humidification to cell performance.
1.4.2  To understand the transport phenomena by comparing the result between co-
flow and counter-flow configurations.
1.4.3  To determine the operation limit of the cell by looking at the water concentration
level inside the flow channel. This could be an informative data for the direction

of flow channel design and stack optimization in the further.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2 Fuel Cell Theory

In this chapter brings together, with certain degree of summary, the material from many
sources including the introduction and theoretical review of Fuel cells as already seen in the
literatures. For completeness of the content, readers should refer to the original manuscript at (1],
[16].
2.1 Types of Fuel Cells
2.1.1 Alkaline Fuel Cell (AFC)

The electrolyte in this fuel cell uses a concentrated potassium hydroxide and can use a
variety of non-precious metals as a catalyst at the anode and cathode. AFC high performance is
due to the rate at which chemical reactions take place in the cell. They have also demonstrated

high efficiencies in space applications. The reactions taking place in an AFC is,

Anode H, + 2(0H) > ZHZO +2e” 2.D
Cathode %02 + H,0+2e” — 2(0OH) (2.2)
ALKALINE FUEL CELL %
Electrical Curent ‘
Hydiogen In & Oxygenin |
M= L : <=0,
Water and
HeatOL
+ ;
Anode Cathode ;

Figure 2.1 Schematic of an AFC [13]
The main problem encountered with AFC is that catalysts can easily be poisoned by CO,.
Even small amounts of CO, in the air can poison the catalyst. Thus, air and hydrogen must be

purified before they enter the cell. However, this process is expensive. Fuel cell’s life is affected



by the catalyst poisoning which will increase the costs. Up to 8000 hours of AFC stacks have
maintained sufficiently stable operation. However, they need to sustain the operation for at least
40000 hours to become economically viable, but that long operation has been regarded as
impossible for AFC due to material durability issues. This, being the most significant obstacle in
commercializing this fuel cell technology, let AFC only be used proper applications.

2.1.2 Phosphoric Acid Fuel Cell (PAFC)

PAFC also use liquid electrolyte. Phosphoric acid is contained in a Teflon bonded silicon
carbide matrix. As in PEMFC, the platinum catalyst is used to enhance the reaction. Chemical
reactions taking place in PAFC is the same as those in PEMFC. PAFC is the first fuel cell type
that is used commercially for its technological maturity. As stated before the first stationary
power generation application was established with a PAFC. Apart from stationary applications,

PAFC is used in heavy duty transportation like city busses.

PAFC FUEL CELL
Electrical Current

Excess Water and
Fuel Heat Out

Fuel lr'i‘ v £ . Air In
Anode/ l_ \Cathode
Electrolyte
Figure 2.2 Schematic of a PAFC [13]
Anode2H, —> 4H" +4e” (2.3)
Cathode O, +4H" +4e~ — 2H,0 (2.4)

Effects of impurities in the fuel like CO poisoning are less in PAFC than that of PEMFC.
Also, because the operating temperature is higher in this type of fuel cells, it is suitable for
cogeneration applications thus PAFC can be utilized to be more efficient than PEMFC. However,
the efficiency drops to 30 -40% when the stack is used standalone. The main disadvantage of this

fuel cell is that the power density is less than those of other fuel cell types. As a result, these fuel



cells are typically large and heavy. PAFC is also expensive because like in PEMFC expensive
platinum catalyst is used.
2.1.3 Molten Carbonate Fuel Cell MCFC)

The electrolyte in this fuel cell is usually a combination of molten carbonate salt mixture
suspended in a porous ceramic matrix of lithium aluminum oxide (LiAlO,). Alkali carbonates
form a highly conductive molten ionic transfer salt at high operating temperatures of 600 to 700
C. At these temperatures Ni anode and NiO cathode is sufficient to promote reactions without any

requisite of noble catalyst metals, reducing the cost. The reactions taking place in this type of fuel

cell is
Anode H, + CO;* — H,0+CO, +2¢” (2.5)
Cathode %02 +CO, +2e” — CO;? (2.6)

Efficiency improvement in MCFC is also another factor for cost reduction. Molten
carbonate fuel cells can reach efficiencies approaching 60 percent, considerably higher than the
37-42 percent efficiencies of a phosphoric acid fuel cell plant. Cogeneration system efficiencies
can rise up to 85%, by bleeding natural gas fuel to the exhaust of the fuel cell and feeding into a

turbine.

MOLTEN CARBONATE FUEL CELL
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Figure2.3 Schematic of a MCFC [13]

In the previous fuel cell types external reforming must be employed to produce
hydrogen. However, in MFCF, unlike alkaline, phosphoric acid, and polymer electrolyte
membrane fuel cells, conversion to hydrogen can be carried out inside the fuel cell resulting in

total cost reduction. MFCF is less sensitive to impurities in the fuel like CO and CO, than the



previous types. In fact, if the resistance of MCFC to other impurities such as sulfur is improved,
even internal reforming of coal can be realized. The trade off coming with the high operation
temperatures is that while the high temperature enhances the efficiency and reduces the cost
thanks to preclusion of noble metals, the corrosion and breakdown of the cell components
decrease cell life. Corrosion-resistant materials for components and fuel cell designs are great
interests of the researchers to increase cell life without decreasing performance.

2.1.4 Solid Oxide Fuel Cell (SOFC)

The governing reactions are,

Anode H, + 0™ — H,0 +2e” @7

Cathode %02 +2¢” —> 07 (2.8)

SOFC FUEL CELL
Electrical Current

a Airin

Fuelin

B

i B
<>
Excess Unused
Fue!l and Gases
Water Cut
= | == =>
Anode/ \Cathode

Electrolyte

Figure 2.4 Schematic of a SOFC [13]

SOFC has the advantages of high operating temperatures such as high efficiencies,
cogeneration capabilities and reduction of the cost due to the removal of the need for an
expensive catalyst. Also the internal reforming capability should be appended in this perspective.
In addition, the high resistance of SOFC to sulfur lets gases made of coal to be used within the
fuel cell. Along with the disadvantages listed for MCFC, high temperature operation makes slow
down of the SOFC start up. Also the safety requirements related to temperature makes SOFC not
convenient for transportation and portable applications. However they are acceptable for utility
applications. Scientists are currently exploring the potential for developing lower-temperature

SOFC operating at or below 800°C that have fewer durability problems and less cost.



2.1.5 Direct Methanol Fuel Cell (DMFC)

Unlike the other types this type fuel cell does not use hydrogen as the fuel; methanol
(CH,0B) is fed directly to the anode where it is oxidized. DMFC usually utilize a polymer
electrolyte similar to proton-exchange membrane (PEM) fuel cells. An acidic electrolyte is
necessary to reject the CO, that is produced during the electro oxidation of methanol and because

carbonate formation is a serious problem in alkaline solutions. The reactions in the cell are

Anode CH,OH + H,0 — CO, + 6H" + 6¢” (2.9
Cathode —;—02 +6H" +6e” —>3H,0 (2.10)

Since methanol is easily provided and transported using the exist infrastructure, DMFC
does not have fuel storage problems typical of the most types. Also the cost of the system is
reduced because no reforming is needed though it operates at low temperatures and less catalyst is
used. Direct methanol fuel cell technology is relatively new compared to hydrogen air fuel cell
technology. However technological maturity is not sufficient for commercial use. The main
problem with this fuel cell is the higher system complexity.

2.1.6 Polymer Electrolyte Membrane Fuel Cells (PEMFC)

PEMEFC is a proton conductor membrane sandwiched between two electrodes. To have a
good conduction of the ions, membrane must be well humidified. By product of the operation in
this type is water mainly on the cathode side and heat. Since the operating temperatures are low
due limitations imposed by the polymer membrane, produced heat cannot be used in cogeneration
applications. Low temperature operation of PEMFC allows quick starts because of the shorter
warm-up time and better durability due to less wear on system components. However, high Pt
catalyst loadings are required to promote the reactions at the operating temperatures. Moreover,
the catalyst is sensitive to CO poisoning, thus pure hydrogen fuel is required. The following

chemical reactions take place in the electrodes.

Anode H, —»2H" +2e” (2.11)

Cathode —;—Oz +2H" +2¢” - H,0 (2.12)
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Figure 2.5 Schematic of a PEMFC [13]

Due to the fast start up time, low sensitivity to orientation, and favourable power to
weight ratio, PEMFC is preferred to be used in transportation applications. Currently, hydrogen
storage is one of the technology issues limiting the use of PEMFC in vehicles due to low energy
density of hydrogen tanks (and other competing forms of on board storage) it is difficult for the
vehicle to travel the same distance as the gasoline powered cars. In case of the utilization of
hydrogen from liquids with high energy density like methanol or natural gas, onboard reformers

must be used which increased cost, maintenance requirements and the complexity of the design.

2.2 Fuel Cell Components
2.2.1 Polymer Electrolyte Membrane

The Polymer electrolyte membrane (PEM) is probably the most complex and sensitive
component of the PEMFC. At the core of a PEMFC is the polymer electrolyte membrane that
separates the anode from the cathode. The desired characteristics of PEM is high proton
conductivity, good electronic insulation, good separation of fuel in the anode side from oxygen in
the cathode side, high chemical and thermal stability, and low production cost One type of PEM
that meets most of these requirements is Nafion.
2.2.2 Gas Diffusion Layers

The typical materials for gas diffusion layers are carbon paper and carbon cloth. These
are porous materials. The functions of the gas diffusion layers are to provide structural support for
the catalyst layers, passages for reactant gases to reach the catalyst layers and transport of water

to or from the catalyst layers, electron transport from the catalyst layer to the bipolar plate in the



anode side and from the bipolar plate to the catalyst layer in the cathode side, and heat removal
from the catalyst layers. Gas diffusion layers are usually coated with Teflon to reduce flooding
which can significantly reduce fuel cell performance due to poor reactant gas transport.
2.2.3 Catalyst Layers

The best catalyst material for both anode and cathode PEM fuel cell is platinum. Since
the catalytic activity occurs on the surface of the platinum particles, it is desirable to maximize
the surface area of the platinum particles. A common procedure for surface maximization is to
deposit the platinum particles on larger carbon black particles. Several methods of applying the
catalyst layer to the gas diffusion electrode have been reported. These methods are spreading,
spraying, and catalyst power deposition. For the spreading method, a mixture of carbon support
catalyst and electrolyte is spread on the GDL surface by rolling a metal cylinder on its surface. In
the spraying method, the catalyst and e]e;tro]yte mixture is repeatedly sprayed onto the GDL
surface until a desired thickness is achieved. A common problem of the anode catalyst is CO
poisoning. Since platinum has a strong affinity for CO and CO exists in very small amount in the
common reformed hydrogen fuel. Doping platinum with ruthenium has been shown to reduce the
effect of CO poisoning.
2.2.4 Bipolar Plates

The functions of the bipolar plate are to provide the pathways for reactant gas transport
and electron conduction paths from one cell to another in the fuel cell stack, separate the
individual cells in the stack, carry water away from the cells, and provide cooling passages. Plate
material and topologies facilitate these functions. Common plate topologies are straight,
serpentine, or inter-digitated flow fields. Desirable material characteristics of bipolar plates are
high electrical conductivity, impermeability to gases, good thermal conductivity, light weight,
high corrosion resistance, and easy to manufacture. The common materials used in bipolar plates
are graphite, metals such as stainless steel, aluminum, or composite materials. Graphite plates
meet most of the requirements for optimal fuel cell performance however the disadvantage of
graphite plates is the high cost of machining the flow fields. Metallic plates are cheap and easy to
manufacture, but they have high contact resistance due to the metal oxide layer forming between
the plate and the gas diffusion layer. Metallic plates also suffer high degradation from the

corrosive fuel cell environment that leads to short life cycles. However, some coated metallic

plates have been shown to produce performance comparable to graphite plates. Finally, composite
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plates can offer the combined advantages of high electrical and thermal conductivity of graphite
plates and low manufacturing cost of metallic plates.
2.3 Fuel cell thermodynamic
2.3.1Basic Reaction

The electrochemical reactions in fuel cells happen simultaneously on both sides of the
membrane- the anode and the cathode. The basic fuel cell reactions are
At the anode
H,—>2H" +2¢ (2.13)
At the cathode
%02 +2H* +2¢” — H,0 (2.14)
Overall
H,+ Y50, H,0 (2.15)
2.3.2 Heat of Reaction

The overall reaction is the same as the reaction of hydrogen combustion. Combustion is

an exothermic process, which means that there is energy released in the process:
1
H, +§O2 — H,0 + heat (2.16)

The heat (or enthalpy) of a chemical reaction is the difference between the heats of

formation of products and reactants. For the previous, this means:
1
AH = (h)y,0 = (hydy, =5 1o, (2.17)

Heat of formation of liquid water is -286kJmol (at 25°C) and heat of formation of

elements is by definition equal to zero. Therefore
AH = (hf)Hzo —(hf)Hz —%(hf)o2 =—286kJ/ g —0—-0=-286k].mol (2.18)

Note that the negative sign for enthalpy of a chemical reaction, by convention, means
that heat is being released in the reaction, that is, this is an exothermic reaction may now be

rewritten as:
H, +%02 - H,0(I) + 286 kJ / mol (2.19)

Here a positive sign is used because the enthalpy is placed on the right side of the
reaction, clearly meaning a product of the reaction. This equation is valid at 25°C only, meaning
that both the reactant gases and the product water are at 25°C. At 25°C, and atmospheric pressure,

water is in liquid form.
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2.3.3 Higher and Lower Heating Value of Hydrogen

The enthalpy of hydrogen combustion reaction is also called the hydrogen's heating
value. It is the amount of heat that may be generated by a complete combustion of 1 mol of
hydrogen. The measurement of a heating value is conducted in a calorimetric bomb. If 1 mol of
hydrogen is enclosed in a calorimetric bomb with 72 mol of oxygen, ignited, fully combusted,
and allowed to cool down to 25°C, at atmospheric pressure there will be only liquid water left in
the bomb (Figure 2.6). The measurement should show that 286kJ of heat was released. This is
known as hydrogen's higher heating value. However, if hydrogen is combusted with sufficient
excess of oxygen (or air) and allowed to cool down to 25°C, the product water will be in the form
of vapor mixed with unburned oxygen and/or nitrogen in case that air was used (Figure 2.7). The
measurement should show that less heat was released, exactly 241 kJ. This is known as

hydrogen's lower heating value.

1
H,+ 502 — H,0(g) +241kJ  mol™ (2:20)
The difference between higher and lower heating value is the heat of evaporation of
water (at 25°C)
H, =286 -241=45kJmol™ .21)

“H,0(liq.)

Figure 2.6 Combustion of H,+1/20, in a calorimetric bomb-measurement of higher heating value

[1]
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Figure 2.7 Combustion of H, with excess O, in a calorimetric bomb-measurement of lower
heating value [1]
2.3.4 Theoretical Electrical Work

Hydrogen heating value is used as a measure of energy input in a fuel cell. This is the
maximum amount of (thermal) energy that may be extracted from hydrogen. However, electricity
is produced in a fuel cell. In every chemical reaction some entropy is produced, and because of
that, a portion of the hydrogen's higher heating value cannot be converted into useful work-
electricity. The poniongs)f‘ the reaction enthalpy (or hydrogen's higher heating value) that can be
converted to electricity in ;'fuel cell corresponds to Gibbs free energy and is given by the
following equation.
AG =AH -TAS (2.22)

In other words, there are some irreversible losses in energy conversion due to creation of

entropy AS . Similarly, as AH for the reaction is the difference between the heats of formation of

products and reactants AS' is the difference between entropies of products and reactants
- 1
AS = (Sj)Hzo - (Sj )Hz —E(Sj )o2 (2.23)

2.3.5 Theoretical Fuel Cell Potential
In general, electrical work is a product of charge and potential:
W,=qE (2.24)
Where
W, = electrical work (Imol™)
g = charge (Coulombs mol )
E = potential (Volts)

The total charge transferred in a fuel cell reaction per mol of H, consumed is equal to:



g=nN, g, (2.25)
n = number of electrons per molecule of H, = 2 electrons per molecule

N,..= number of molecules per mole (Avogadro's number) = 6.022 x10” molecules/mol

0, = charge of 1 electron = 1.602 x 10"~ Coulombs/electron

The product of Avogadro's number and charge of 1 electron is known as Faraday's constant:
F=96,485 Coulombs/electron-mol

Electrical work is therefore:

W, = nFE ' (2.26)

[

As mentioned previously, the maximum amount of electrical energy generated
in a fuel cell corresponds to Gibbs free energy AG
W, =-AG (2.27)

The theoretical potential of fuel celf is then:

g _AG (2.28)
nF

Because AG , n, and F are all known, the theoretical fuel cell potential of

hydrogen/oxygen can also be calculated:

F=C AG 237340 Jmol™
nF 296,485 Asmol™

At 25°C, the theoretical hydrogen/oxygen fuel cell potential is 1.23 Volts.

=1.23 Volts (2.29)

2.3.6 Effect of Temperature

The theoretical cell potential changes with temperature. Substituting Equation

(2.22) into (2.28) yields:
E= —(AH— - ES—) 2.30)
nF nF

Obviously, an increase in the cell temperature results in a lower theoretical.

In addition, both AH and AS are functions of temperature

T
by =gy +  fe,dT 2.31)
298.15
T
Sy =Speis+ | —c,dT (2.32)
298.15

where ¢, is specific heat of any gas, which is also a function of temperature

2.3.7 Effect of Pressure

13

All of the previous equations were valid at atmospheric pressure. However, a fuel cell

may operate at any pressure, typically from atmospheric all the way up to 6-7 bar. For an
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isothermal process, and with a little bit of basic thermodynamics, the change in Gibbs free energy
may be shown to be:

dG =V _dP (2.33)
Where

V. =molar volume, m’ mol

P =pressure. Pa

For an ideal gas:

PV, =RT (2.34)
Therefore:
dG =R T£ (2.35)
P
After integration:
P
G=G,+ RTIn(—J (2.36)
5

Where G, is Gibbs free energy at standard temperature and pressure (25°C and latm),
and P, is the reference or standard pressure (1atm).
For any chemical reaction
JA+ kB —> mC +nD (2.37)
The change in Gibbs free energy is the change between products and react ants
AG =mG, +nG, - jG, - kG, (2.38)

After substituting into Equation (2.35):

P )\ P
AG = AG, + RTIn| ~-2£ 202

(3

This is known as the Nemnst equation, where P is the partial pressure of the reactant or

(2.39)

product species and P, is the reference pressure (1 atm or 101.25kPa). For the hydrogen/oxygen

fuel cell reaction, the Nernst equation becomes:

_ by H,0
AG =AG, + RTIn - (2.40)
Py, Po,
By introducing Equation (2.30) into Equation (2.40):

P P0.5

E=E + Eh{MJ (2.41)

0
nkF H,0
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If air is used instead of pure oxygen, their partial pressure is proportional to their
concentration and consequently the cell potential is lower. In case of air vs. oxygen, the

theoretical voltage loss/gain is

| RT (B, \° RT. (1}
AE=E, —E, =~—In 2| = ————ln(——) (2.42)
: nFo\P, ) nF 021

2.4 Fuel cell Electrochemistry

2.4.1 Electrode Kinetics
A fuel cell is an electrochemical energy converter. Its operation is based on the following

electrochemical reaction happening simultaneously on the anode and cathode.

At the anode

H, > 2H" +2¢” (2.43)
At the cathode .

0, +2H* +2¢ > H,0 (2.44)

More precisely, the reactions happen on an interface between the ionically conductive
electrolyte and electrically conductive electrode. Because there are gases involved in fuel cell
electrochemical reaction, the electrodes must be porous allowing the gases to arrive to, as well as
product water to leave the reaction sites. Note that these are the overall reactions and that in both
cases there are several intermediary sequential and parallel steps involved.

2.4.2 Reaction Rate

Electrochemical reactions involve both a transfer of electrical charge and a change in
Gibb energy. The rate of electrochemical reaction is determined by activation energy barrier that
the charge must overcome in moving from electrolyte to a solid electrode or vice versa. The speed
at which an electrochemical reaction proceeds on the electrode surface is the rate at which the
electrons are released or consumed which is the electrical current. Current density is the current
per unit area of the surface. From Faraday’s Law it follows that current density is proportional to
the charge transferred and the consumption of reactant per unit area.
i=nF, (2.45)

where nF is the charge transferred ( coulombs mol'l) and; is the flux of reactant per unit
area (mols” cm>)

Therefore, the reaction rate may be easily measured by current-measuring device placed

external to the cell. However, the measured current or current density is actually the net current,
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that is, the difference between forward and reverse current on the electrode. In general, an
electrochemical reaction involves either oxidation or reduction of the species.

red — ox + ne” (2.46)
ox+ne” —>red (2.47)

In a hydrogen/oxygen fuel cell the anode reaction is oxidation of hydrogen, in which
hydrogen is stripped of its electrons, and the products of this reaction are protons and electrons.
The cathode reaction is oxygen reduction and water is generated as a product.

On an electrode at equilibrium conditions that is, when no external current is being
generated, both process, oxidation and reduction, occur at equal rates.
ox+ne” <> red (2.48)

The consumption is proportional to their surface concentration. For the forward reaction, the flux
is

Jr=k,C, (2.49)
where

k,= forward reaction( reduction ) rate coefficient

C,, = surface concentration of the reacting species

Similarly for the backward reaction the flux is

T =k,Coy (2.50)
where

k, = backward reaction( oxidation) rate coefficient

C,, = surface concentration of the reacting species

Each of these two reactions either releases or consumes electrons. The net current
generated is the difference between the electrons released and consumed
i=nF(k,C, —kC, ) 2.51)

At equilibrium the net current is equal to zero, although the reaction proceeds in both
directions simultaneously. The rate at which these reactions proceed at equilibrium is called the
exchange current density.

2.4.3 Reaction constants, transfer coefficient

From the transition state, it may be shown that the reaction rate coefficient for an

electrochemical reaction is a function of the Gibbs free energy

_ b 29 (2.52)

k ex
n PR
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Where
k, = Bolzmann’s constant
h = planck’s constant

The Gibbs free energy for electrochemical reactions may be considered to consist of both
chemical and electrical terms. In that case, for a reduction reaction.

AG =AG, +ap, FE (2.53)
and for an oxidation reaction
AG =AG,, +a, FE (2.54)

The subscript "ch” denotes the chemical component of the Gibbs free energy, @ is a
transfer coefficient, F' is the Faraday's constant, and E is the potential. There i's a fair amount of
confusion in the literature concerning the transfer coefficient, &, and the symmetry factor, £,
that is sometimes used. The symmetry factor, #, may be used strictly for a single-step reaction
involving a single electron (n = 1). Its value is theoretically between 0 and 1, but most typically
for the reactions on a metallic surface it is around 0.5. The way in which £ is defined requires
that the sum of the symmetry factors in the anodic and cathodic direction be unity, if it is £ for
the reduction reaction it must be (l -p ) for the reverse, oxidation reaction.

However, both electrochemical reactions in a fuel cell, namely oxygen reduction and
hydrogen oxidation, involve more than one step and more than one electron. In that case, at
steady state, the rate of all steps must be equal, and it is determined by the slowest step in the
sequence, which is referred to as the rate-determining step. In order to describe a multistep
process, instead of the symmetry factor, [3, a rather experimental parameter is used, which is
called the transfer coefficient, & . Note that in this case «,; + &, does not necessarily have to be

equal to unity. Actually, in general (an, +a0x)= % , where n is the number of electrons

transferred in the overall reaction and v is the stoichiometric number defined as the number of
times the rate-determining step must occur for the overall reaction to occur once .
The forward (reduction) and backward (oxidation) reaction rate coefficients in Equation (2.51)

are then respectively.

o FE
k, =k, exp| —& (2.55
s = o p[ RT } )
a, FE
k, =k,, exp| == (2.56
b 0,6 p[ RT :l )

2.4.4 Current Potential Relationship—Butler-Volmer Equation

71885



By introducing into Equation (2.50) the net current, density is obtained
a, FE a, FE
i=nFlk, .C expl -4 -k, ,C. exp| —& (2.57)
{o,f Ox pl: RT ] 0,6 ra €XP RT

At equilibrium, the potential is E, and the net current is equal to zero, although the

reaction proceeds in both directions simultaneously. The rate at which these reactions proceed at

equilibrium is called the exchange current density.

iy = nFk, C,, exp[%%] = nFky ,Cpy exp[—a—%"t%:l (2.58)

By combining the Equations (2.57) and (2.58), a relationship between the current density and

potential is obtained:

i= 1’0 {expl:" aRdF];(’f - Er )] _ exp[g&%ir_)_]} (2.59)

This is known as the Butler-Volmer equation, where E, is the reversible or equilibrium
potential. Note that the reversible or equilibrium potential at the fuel cell anode is O V by
definition , and the reversible potential at the fuel cell cathode is 1.229 V (at 25°C and
atmospheric pressure).The difference between the electrode potential and the reversible potential
is called over potential. It is the potential difference required to generate current.

The Butler-Volmer Equation (2.59) is valid for both anode and cathode reaction in a fuel

cell:
i, =, {exp — aRd’"I;g" “E,) - exprao"'"F(f;, ~ L )}} (2.60)
And
- - -
i = io,c{exp - aRd,c‘F]’e(ic — Er,c) —exp aox.cF(Rf;}_ Er,c ):l} (2.61)

The over potential on the anode is positive(E,>E, ), which makes the first term of the
Equation (2.60) negligible in comparison with the second term, that is, the oxidation current is

predominant and the equation may be reduced to

i, =1, exp[ Foxs (i"T— o) ] (2.62)

Note that the resulting current has a negative sign, which denotes that the electrons are

leaving the electrode (net oxidation reaction).
Similarly, the over potential on the cathode is negative (E < E,), which makes the first
term of the Equation (2.61) much larger than the second term, that is, the reduction current is

predominant and the equation may be reduced to
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RT

2.4.5 Exchange Current Density

i, =~ , exp[ ore e B )] (2.63)

Exchange current density, i,, in electrochemical reactions is analogous to the rate
constant in chemical reactions. Unlike the rate constants, exchange current density is
concentration dependent. It is also a function of temperature. The effective exchange current
density (per unit of electrode geometrical area) is also a function of electrode catalyst loading and
catalyst specific surface area. If the reference exchange current density (at reference temperature
and pressure) is given per actual catalyst surface area, then the effective exchange current density

at any temperature and pressure is given by the following equation

14 .
I =ig‘"ach[ii’tf~J exp| — If} 1—}T— (2.64)
pr ref

where

igef = reference exchange current density (at reference temperature and pressure, typically 25°C
and 101.25 kPa) per unit catalyst surface area, Acmth,

a, = catalyst specific area (theoretical limit for Pt catalyst is 2400cm’ mg'l, but state-of-the-art
catalyst has about 600- 1000 em’ mg.], which is further reduced by incorporation of catalyst in the
electrode structures by up to 30%).

L, = catalyst loading (state-of-the-art electrodes have 0.3- O.SmgPtcm'Z; lower loadings are
possible but would result in lower cell voltages).

P, =reactant partial pressure, kPa

P = reference pressure, kPa

¥ = pressure coefficient (0.5 to 1.0)

E_ = activation energy, 66kJmol” for oxygen reduction on Pt

R = gas constant, 8.314Jmol” K

T = temperature, K

T

s = reference temperature, 298.15 K

The product a L, is also called electrode roughness, meaning the catalyst surface area,
cmz, per electrode geometric area, cm’. Instead of the ratio of partial pressures, a ratio of
concentrations at the catalyst surface may be used as well.

Exchange current density is a measure of an electrode's readiness to proceed with the

electrochemical reaction. If the exchange current density is high, the surface of the electrode is
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more active. In a hydrogen/oxygen fuel cell, the exchange current density at the anode is much
larger (several orders of magnitudes) than at the cathode. The higher the exchange current
density, the lower the energy barrier that the charge must overcome moving from electrolyte to
the catalyst surface and vice versa. In other words, the higher the exchange current density, the
more current is generated at any overpotential.

Because the anode exchange current density in hydrogen/oxygen fuel cells is several
orders of magnitudes larger than the cathode current density, the overpotential on the cathode is
much larger than the anode overpotential. For that reason, very often the cell potential current
relationship is approximated solely by Equation (2.63).

2.4.6 Over-potentials and Crossover Losses in Fuel Cells

The reversible potential obtained from the Nemnst equation corresponds to the
thermodynamic equilibrium state of the electrochemical system. However, when current starts
flowing through the cell, the cell potential drops below the reversible potential due to several
types of over-potential including activation, ohmic, and concentration over-potential. In addition
to these typical electrochemical over-potentials, PEM fuel cells also suffer from other losses such
as internal currents and fuel crossover even at open circuit. The details of these potential losses
are described in the sections below. Each hydrogen molecule that diffuses through the polymer
electrolyte membrane and reacts with oxygen on the cathode side of the fuel cell results in two
fewer electrons in the generated current of electrons that travels through an external circuit. These
losses may appear insignificant in fuel cell operation, because the rate of hydrogen permeation or
electron crossover is several orders of magnitude lower than hydrogen consumption rate or total
electrical current generated. However, when the fuel cell is at open circuit potential or when it
operates at very low current densities, these losses may have a dramatic effect on cell potential.

The total electrical current is the sum of external (useful) cﬁrrent and current losses due

to fuel crossover and intemmal currents:

I=1,+1,, (2.65)
Current divided by the electrode active area, A, is current density, A/cm?2:
1
I=— (2.66)
A
Therefore
1=1,, +1i,. 2.67)

If this total current density is used in the equation that approximates the cell
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E, =E - XL jples s (2.68)
alF

ce i

Therefore, even if the external current is equal to zero, such as at open circuit, the cell
voltage may be significantly lower than the reversible cell potential for given conditions. Indeed,
open circuit potential of hydrogen/air fuel cells is typically below 1 V, most likely about 0.94 to

0.97 V (depending on operating pressure).

E ell = Er - R;T_ln(_ll_o.g) (269)
aF

c i
Hydrogen crossover is a function of membrane permeability, membrane thickness, and
hydrogen partial pressure (i.e., hydrogen concentration) difference across the membrane, as the
main driving force. A very low open circuit potential (significantly below 0.9 V) may indicate
either a hydrogen leak or an electrical short. As the fuel cell starts generating current, hydrogen
concentration in the catalyst layer decreases, which reduces the driving force for hydrogen
permeation through the membrane. That is one of the reasons these losses are mainly negligible at
operation currents.
2.4.6.1 Activation Polarization

The activation over-potential is the potential loss to drive the electrochemical reactions
from equilibrium state. Therefore, it is the potential loss when there is a net current production
from the electrode, i.e. a net reaction rate. In PEM fuel cell, the activation over-potential at the
anode is negligible compared to that of the cathode. Activation polarization depends on factors
such as the material property of the electrode material, ion-ion interactions, ion-solvent
interactions and characteristics of the electric double layer at the electrode-electrolyte interface.
Activation polarization may be reduced by increasing operating temperature and by increasing the
active surface area of the catalyst.

Some voltage difference from equilibrium is needed to get the electrochemical reaction
going. This is called activation polarization, and it is associated with sluggish electrode kinetics.
These losses happen at both anode and cathode; however, oxygen reduction requires much higher
overpotentials, that is, it is a much slower reaction than hydrogen oxidation.

At relatively high negative overpotentials (i.e., potentials lower than the equilibrium
potential), such as those at the fuel call cathode, the first term in the Butler-Volmer equation

becomes predominant, which allows for expression of potential as a function of current density

RT i
In(— 2.70
aF n(io,c ) (2.70)

AV,,.=E, ~E, =

act,¢
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Similarly, at the anode at positive overpotentials (i.e., higher than the equilibrium

potential) the second term in the Butler-Volmer equation becomes predominant:

AV RT

act,a

ln(—) 2.71)

a 0,a

Er,a - Ea

In electrochemistry, the reversible potential of the hydrogen oxidation reaction is zero at
all temperatures. That is why the standard hydrogen electrode is used as a reference electrode.
Therefore, for hydrogen anodes E,, = 0 V. Activation polarization of the hydrogen oxidation
reaction is much smaller than activation polarization of the oxygen reduction reaction.

A simplified way to show the activation losses is to use the so-called Tafel equation:

A, =a+blog(i) (2.72)
RT
Wh =-2.3—1log(i 2.73
ere a 7 g() 2.73)
and b =2. 3£Z (2.74)
aF

The constant b is called the tafel slope.

If these activation polarizations were the only losses in a fuel cell, the cell potential

would be:
Ecell - E E E AI/acl c VnL‘l a (275)
i
E,=E - ln —)- ln — 2.76)
" acF (io,c) aaF (o,,) (

If anode polarization is neglected, the previous equation becomes

RT
E, =FE ———In(— 2.77
cell — aF n( ) ( )

X

which has the same form as the Tafel Equation
2.4.6.2 Ohmic Polarization

Two types of ohmic losses occur in fuel cells. These are potential losses due to electron
transport through electrodes, bipolar plates, and collector plates; and potential loss due to proton
transport through the membrane. The magnitudes of these potential losses depend on the materials
used in the construction of the fuel cells and the operating conditions of the cell. Membrane
conductivity increases with membrane water content.
Ohmic losses occur because of resistance to the flow of ions in the electrolyte and resistance to
the flow of electrons through the electrically conductive fuel cell components. These losses can
be expressed by Ohm’s law:
AVohm = iR, (2.78)
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Where i = current density , A.cm” and

R,.= total cell internal resistance (which includes ionic, electronic, and contact

resistance, {2 cmz):
Ri=R,+R_ +R,, (2.79)
Electronic resistance is almost negligible, even when graphite or graphite/polymer
composites are used as current collectors. Ionic and contact resistances are approximately of the
same order of magnitude. Typical values for R, are between 0.1 and 0.2 €2 cm’.
2.4.6.3 Concentration Polarization
Mass transport loss becomes significant when the fuel cell is operated at high current
density. This is created by the concentration gradient due to the consumption of oxygen or fuel at
the electrodes. The mass transport loss at the anode can be negligible compared to the cathode. At
the limiting current density, oxygen at the catalyst layer is depleted and no more current can be
increased from the fuel cell. This is responsible for the sharp decline in potential at high current
densities. To reduce mass transport loss, the cathode is usually run at high pressure.
Concentration polarization occurs when a reactant is rapidly consumed at the electrode by the
electrochemical reaction so that concentration gradients are established. The electrochemical
reaction potential changes with partial pressure of the reactants, and this relationship is given by

the Nernst equation:

RT. C
AV =——In(—£ 2.80
oF ) (2.80)

5

where C, = bulk concentration of reactant, mol cm”
C, = concentration of reactant at the surface of the catalyst, mol cm”

According to Fick’s Law, the flux of reactant is proportional to concentration gradient:
D(CB - Cs) A
o

where N = flux of reactants, mol st

N = (2.81)

D = diffusion coefficient of the reacting species, em’s’
A =electrode active area, cm’
5 = diffusion distance, cm
In steady state, the rate at which the reactant species is consumed in the electrochemical

reaction is equal to the diffusion flux:

N

= 2.82
F (2.82)

1
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By combining Equations (2.79) and (2.80), the following relationship is obtained:
. nF.D.(Cy —C)
- 5

The reactant concentration at the catalyst surface thus depends on current density-the

(2.83)

higher the current density, the lower the surface concentration. The surface concentration reaches
zero when the rate of consumption exceeds the diffusion rate-the reactant is consumed faster than
it can reach the surface. Current density at which this happens is called the limiting current

density. A fuel cell cannot produce more than the limiting current because there are no reactants

at the catalyst surface. Therefore, for C;= 0, i = i, and the limiting current density is then:
. nFDC
i = ——5——-5- (2.84)

By combining Equations (2.68), (2.73), and (2.74), a relationship for voltage loss due

to concentration polarization is obtained

AV, =RT1n(. Iy -) (2.85)

conc nF IL —

2.5 Principle of Fluent 6.3
A fuel cell is energy conversion that converts the chemical energy of fuel into electrical

energy. A schematic of PEM fuel cell is'shown in figure 2.8.

Cooling Channel(s)
Anode Collector
- Anode Gas Diffusion Layer
2y &4 Anode Catalyst Layer

~———— Cathode Catalyst Layer

0 H4de— H,0 -—

Cathode Gas Diffusion Layer

Cathode Collector
Cooling Channel(s)

Figure 2.8 Schematic of PEM Fuel Cell [19]
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Hydrogen flows into the fuel cell on the anode side. It diffuses through the porous gas
diffusion layers and comes in contact with the catalyst layer. Here it forms hydrogen ions and
electrons. The hydrogen ions diffuse through the polymer electrolyte membrane at the center, the
electrons flow through the gas diffusion layer to the current collectors and into the electric load
attached. Electrons enter the cathode side through the current collectors and the gas diffusion
layer. At the catalyst layer on the cathode side, the electrons, the hydrogen ions and the oxygen
combine to form water. In the PEM fuel cell model in FLUENT, two electric potential fields are
solved. One potential is solved in the membrane and catalyst layers. The other is solved in the
catalyst layers, the diffusion layers, and the current collectors. Surface reactions on the porous
catalyst region are solved and the reaction diffusion balance is applied to compute the rates.
Based on the cell voltage that you prescribe, the current density value is cornputed. Alternatively,
a cell voltage can be computed based on a prescribed average current density.

2.5.1 Electrochemistry Modelling

At the center of the electrochemistry is the computation of the rate of the hydrogen
oxidation and the rate of oxygen reduction. In the FLUENT PEM model, these electrochemical
processes are treated as heterogeneous reactions that take place on the catalyst surfaces inside the
two catalyst layers on both sides of the membrane.

The driving force behind these reactions is the surface over-potential: the difference
between the phase potential of the solid and the phase potential of the electrolyte/membrane.
Therefore, two potential equations are solved for in the PEM model: one potential equation
(Equations 2.86) accounts for the electron transport e through the solid conductive materials (i.e.,
the current collectors and solid grids of the porous media); the other potential equation (2.87)

represents the protonic (i.e., ionic) transport of H'. The two potential equations read

V'(O-solv¢sal) + Rsol = O (2-86)
V'(O-memv¢mem) + Rmem = O (287)
where

O = electrical conductivity (1/ohm-m)
¢ = electric potential (volts)
R = volumetric transfer current (A/m3)

The following figure illustrates the boundary conditions that are used to solve for ¢, ,and¢,,,,.
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Figure 2.9 Boundary condition for ¢, and ¢, [19]

There are two types of external boundaries. Those through which there passes an
electrical current and those through which there passes no current.

As no protonic current leaves the fuel cell through any external boundary, there is a zero flux
boundary condition for the membrane phase potential, @,,,,. , on all outside boundaries.

For the solid phase potential, ¢, , there are external boundaries on the anode and the
cathode side that are in contact with the external electric circuit and only through these
boundaries passes the electrical current generated in the fuel cell. On all other external boundaries
there is a zero flux boundary condition for g, , .

The transfer currents, or the source terms in Equations 2.86 and 2.87, are non-zero only
inside the catalyst layers and are computed as

For the solid phase, R,, = —R,, (< 0) on the anode side and R, =+R_, (> 0) on the
cathode side.

For the membrane phase, R, =+R_ (>0) on the anode side and R, =—R,,(<0)
on the cathode side. .

The source terms in Equations 2.86 and 2.87 are also called the exchange current density

(A/m’), and have the following general definitions:

Yan
3 jref [Hz] (eaanm/RT _e—a,,,,Fr,,,,,/RT) (2.88)

Ran — Jan
[1.],,
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Vear
.ref _[_Q2_] (e‘hn:F’?m /RT ) (289)

Rew = Jea [02 ]”f

By default, the Butler-Volmer function is used in the FLUENT PEM model to compute
the transfer currents inside the catalyst layers.

The driving force for the kinetics is the local surface over-potential also known as the
activation loss. It is generally the difference between the solid and membrane potentials,
$andg,,,

The gain in electrical potential from crossing from the anode to the cathode side can then

be taken into account by subtracting the open-circuit voltage ¥, on the cathode side.

nan = ¢sol - ¢mem (290)

Near = ¢sol _¢mem—Voc (2.91)
From Equations 2.86 through 2.91, the two potential fields can be obtained

Mass conservation
V(epu)=s, (2.92)
where £ is porosity p is mixture density and u is velocity vector.
The s, denotes source terms corresponding to the consumption of hydrogen and oxygen in
the anode and cathode, and the production of water in the cathode
Sy =Sy, +S,. :Anodeside (2.93)
S, =S, +S,, :Cathode side (2.94)
Momentum conservation
V(gpuu) = —eVp +V(cuVu) +s, (2.95)
where subscript ‘a’ and ‘c’ refer to the anode and cathode respectively.
Where p is pressure, i is dynamic viscosity

S denote source term based on Darcy’s law

s,=—t2 s = g S, = - (2.96)

ux uy
B. B, B.
where S is the permeability And the energy conservation relation can be written as

8 I
= (@PH)+V.(epul) = V.q +a-d§— hn+§+s,, 2.97)

where £ is mixture static enthalpy i is current density J; is the transfer current? is electrode
over potential G is electrical conductivity S, is latent heat of phase change and ¢ is heat flux due
to thermal conductivity. The species diffusion equation above can be written as

q=kvVT+XJh, (2.98)
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where k is the thermal conductivity; T is the mixture temperature and J; is species diffusion
flux. The species conservation equation can be written as
V(euC,)=V(DIVC,)+s, (2.99)
where C, is Molar concentration of chemical species

D:ﬁ is the effective diffusion coefficient and S, denotes source term

I(x,y)
S =— M 4 S (2.100)
t H1 cr H,
2F
O(x,y)
————1(x,y)M, _A_ S (2.101)
F
I(x,y)
- 01%%r S, (2.102)
4F
1+20(x,y)
——I(x, )M, A S (2.103)
2F

where M,,,, M,,, and M,, are the molecular weight of hydrogen, water and oxygen
respectively and I(x,y) is the local current density F is Faradays constant a(x,y) is the local
net water transfer coefficient per proton and Acv is the specific surface area of control volume
element in the domain.

The water management is a critical issue for the performance of a proton electrolyte
membrane fuel cell. The transport phenomena of wat; ;an be described as follows.

First, the water molecules are transported through the polymer electrolyte membrane by the
hydrogen protons and this process is called electro-osmotic drag. In addition to the molecular
diffusion and electro-osmotic drag, water is generated in the cathode catalyst layer due to
electrochemical reaction.

1) Electro-osmotic water flux going through the membrane can be calculated from the

proton flux going through the membrane, given by the specified current density and Faraday law

as
1(x,y)
Joo=2xn, (2.104)
’ 2F
n, is Electro-osmotic drag coefficient which depend on water activity as follow
n; =0.0294% +0.051 —3.4x107" (2.105)

where A represents water content of the membrane described as
A =0.043+17.81a, —-39.85a} +36a;  0<a, <1 (2.106)
A=14+1.4(a, —1) 1<a <3 (2.107)
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where a, is water activity

a, = XuP(%,Y) k = Anode or Cathode (2.108)

sat

p wk

t . . .
where x,,, p™ are water mole fraction and saturation pressure at each electrode respectively

therefore

log p~ =—2.1794+0.02953T —9.1837x10 " T +
(2.109)

1.4454x10°' T’

2) For the back diffusion flux, the water formation at the cathode results in a gradient in the
water content between the cathode side and anode side of the membrane. For PEMFC, this
gradient causes a water flux back to anode side, which is superimposed to the electro-osmotic

flux. This back diffusion is expressed as following water flux as

___A%xD A (2.110)

where p is the dry density of electrolyte, Mis electrolyte equivalent weight,zis the

direction through the membrane thickness and D_ is water diffusion coefficient therefore

D, =D, exp(2416x(~3-—(1)5 -—01;)) @.111)
where

D,=10" A<2 (2.112)
D, =10"a+2(A—2)  2<A<3 (2.113)
D,=10"(3—167(A—3) 3<A<45 (2.114)
D, =1.25x10"" A=as (2.115)

And Protonic Conductivity is presented

O =(0514 —'0.326)em{;—r) (2.116)
Where O is Protonic Conductivity (1/ohm.m)

Moreover, heat source is combined

s,=h_—R_ 1 +IR_+h (2.117)
where h__is net enthalpy change due to electrochemical reaction , R 1. . is the product of
transfer current and over potential in anode or the cathode TPB, R _is the ohmic resistivity of the

conducting media and A, is enthalpy change due to phase change.
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2.6 Literature reviews

There have been several researchers working in the area of computational fluid dynamic
for PEMFC analysis. The researchers’ names and their findings are summarized below.

S.Shimpalee et.al. (1999) showed that the effect of inlet humidity had a significant
influence on the performance of PEMFC and indicated that the jonic resistivity of the electrolyte
membrane depended on the activity of water at the membrane surface. Water flux and activities
changed along the flow direction.

A.kumar et. al. (2003) studied the effect of channel dimension on the hydrogen
consumption at the anode. This work was done ranging from 0.5 to 4 mm. for different channel
width, land(rib) width and channel depth. For high hydrogen consumption ( 80 %) the optimum
dimension for channel width, land width, and channel depth were close to 1.5, 0.5 and 1.5 mm
respectively. The effect of channel shape was also studied. The result showed that the triangular
and hemispherical cross-section of land or collector rib had resulted in an increase in hydrogen
consumption by around 9 % at the anode.

T.Berning et.al. (2005) presented a three dimensional model of PEMFC. The model
accounted for all major transport phenomena in the flow channel, electrode and electrolyte
membrane. Results were physically consistent and in good agreement with experiment and also
had the capability to provide water transport mechanism and mass transport limitation for
parametric studies of interest in design and prototyping.

F.B. Weng et.al. ( 2005) presented a 3-D mathematical model for prediction and analysis
of proton exchange membrane fuel cells(PEMFC) species concentration and current density
distribution in different flow field patterns and operating conditions. The mode is based on the
solution of the conservation equation of mass, momentum, species and electric current in a fully
integrated finite-volume solver using the CFDRC commercial code. The polarization curve of
serpentine flow pattern is well correlated with experimental data. The cell performance with
parallel straight, serpentine and interdigitated flow patterns are calculated and compared. The
simulation results revealed that serpentine and interdigitated flow patterns show strong
convection and high mass transfer. However, they also have larger pressure loss. In addition, the
effects of operating temperature and relative humidity were also studied. Non-uniform
distributions of concentration and current density appeared at high temperature, high current

density and low humidity operation, which could lead to an unstable cell performance.



31

D.Hasan et. al. (2006) investigated the performance of Proton Exchange Membrane Fuel
Cell (PEMFC). The investigation was done on different channel geometries at high operating
current density including rectangular, trapezoidal and parallelogram. The simulation result
showed that a channel with rectangular cross section gave high cell voltage compared with
trapezoidal and parallelogram cross sections. However, the trapezoidal cross-section facilitates
reactant diffusion. This led to more uniform reactant and local current density distribution over
the reacting area. They also recommended that the shoulder width was one of the most influential
in terms of its impact on cell performance by ohmic losses significantly increasing with
decreasing shoulder width. In contrast, a small shoulder width facilitates the distribution of
reactants and helps to reduce concentration losses.

P.T.Nguyen et. al. (2006) presented a three dimension computational model of PEMFC
with serpentine flow field channel. The comf:)rehensive mode] accounted for all important
transport phenomena in fuel cell such as heat transfer, mass transfer, electrode kinetics and
potential fields in the membrane and gas diffusion layers. The coupling between local current
density, oxygen concentration and activation over potential was fully implemented by using a
new algorithm to solve for the potential losses across the cell. Moreover the simulation showed
that the counter current flow gave higher performance than co flow for stationary condition but
had larger potential drop for case of automotive condition.

P.H.Lee et.al. (2008) presented a single-phase, fully three dimensional stmulation model
for PEMFC. The results showed that hydrogen and oxygen were solely supplied to the membrane
by diffusion mechanism rather than convection transport, and the higher pressure drop at cathode
side was thought to be caused by higher flow rate of oxygen at cathode. It was also found that the
amount of water in cathode channel was determined by water formation due to electrochemical
reaction plus electro-osmotic mass flux directing toward the cathode side. They had emphasized
that it was very important to model the back diffusion and electro-osmotic mass flux accurately
since the two fluxes were closely correlated each other and greatly influenced for determination

of ionic conductivity of the membrane which directly affects the performance of fuel cell.



CHAPTER 3

INVESTIGATION PROCEDURES

3.1 Computational Domain

The Computation Domain including single straight channel, which is a house of flow
domain in bipolar plate, is shown in figure 3.1. A cross section schematic in figure 3.2 shows
anode and cathode current collector, gas diffusion layer, catalyst layer and polymer electrolyte

membrane.

Figure 3.1 Computational Domain
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. Anode Current Collector
Anode Flow channe!
Anode Gas Diffusion Layer
Anode Catalyst Layer ‘,/
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Figure 3.2 Cross section schematic of PEMFC

3.2 Computational Diagram

The numerical simulation model is based on SIMPLE (semi-implicit method for pressure
linked equations consistent) algorithm using Segregated solver of Fluent (version 6.3). Uniform
flow velocity and reactant concentration at the inlet are given as the inlet condition. Source terms
generated by the electrochemical reaction are inserted into mass and species conservation
equation using the User Define Function (UDF). The coupled set of equations is solved iteratively
until the relative error in each field reaches a specific convergent standard (usually 10°). The flow

diagram for this numerical algorithm is represented in figure 3.3



34

User Defined Begin Loop .| User Defined
Tnitialization - b | Adjust |
Solve U-Momentum
A
Solve V-Momentum
\ 4
Solve W-Momentum
Exit Loop Repeat Y
Solve Mass
i Conservation
\ 4
Solve Energy
Check for Convergence Conservation
[ 3 4
Solve Species
Conservation
Update ] ;
Properties
User Defined Properties Source Term for Each
User Defined Boundaries Transport Equation

Figure 3.3 Computational Diagram

3.3 Computational Grid

The computational grid is use with total number of grid 15x52x160, 124800 cells. This is

relatively sufficient when considering the grid independent of the solution at the location of

interest, i.e.; the contour of the species and others importance properties at the triple—phase

boundary, etc. In this research, species distribution in the Membrane Electrode Assembly (MEA)

is investigated. As a result, fine meshes are applied in the reaction area to achieve more detailed

result, as shown in

figures 3.4 and 3.5
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CHAPTER 5

CONCLUSION AND SUGGESTIONS

5.1 Conclusion

This research presented a three-dimensional computational analysis of a proton exchange
membrane fuel cell, which included model validation, presented by IV Polarization Curve between
Simulation and Experiment. It can be concluded that the model is valid in low and medium current
density region but it over estimates the output voltage at high current density region, since the model is
unable to simulate the blockage of liquid water along the fuel channel. As far as the effect of inlet
humidification to cell performance is concerned, the simulation results showed that high reaction rate
could be achieved for high inlet humidity for both anode and cathode sides as evident forms of
protonic conductivity, temperature distribution, reaction heat source and also water transport source
term {osmotic drag and back diffusion). The effect of Co and Counter flow on cell performance was
also investigated. The study showed that the flow configuration did affect the cell performance,
although insignificant effect was observed at low current density. At high current density, we have
found that the counter-flow pattern apparently gives better cell performance than the co-flow pattern.
This is because the counter-flow pattern has lower concentration loss at high current density. This is a
result from the distribution characteristic of counter-flow configuration providing greater amount of
hydrogen as well as oxygen being consumed more than that of co-flow. This led to higher
electrochemical reaction rate. Meanwhile water concentration of counter flow was higher than co flow

thus generating higher heat rate along the channel.

5.2 Suggestions

The single phase fully three dimensional simulation model was used in this work, which lead to
our understanding in transport mechanism. Nevertheless, the model has some limitation in representing
water flooding phenomena. In order to achieve closely the physical of PEMFC, the multiphase model

should be employed. However, this simulation results may give the data necessary for further design.
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