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ABSTRACT

INVESTIGATION OF TEMPERATURE PROFILE IN HIGH
TEMPERATURE PEM FUEL CELL

Caglayan, Dilara Giil¢in
M.Sc., Department of Chemical Engineering
Supervisor: Prof. Dr. Inci Eroglu

Co-supervisor: Assoc. Prof. Dr. Yilser Devrim

June 2016, 104 pages

High temperature polymer electrolyte membrane fuel cells (HT-PEMFC) are
promising alternative energy sources for the future. As an advantageous tool in the
design of a system, modeling requires less time compared to the experiments as well
as its low cost. This study includes both isothermal and non-isothermal three-
dimensional mathematical models for a HT-PEMFC having an active area of 25
cm?. Governing equations are solved by using Comsol Multiphysics 5.0 “Batteries
& Fuel Cells” module, which is a commercial software package that solves partial

differential equations by using finite element method.

Temperature has a crucial role in the operation of HT-PEMFC because of the
exothermic reaction taking place at the catalyst layer. Influence of the temperature
on the performance is studied for a single channel and triple mixed serpentine

geometry with an isothermal model. It is seen that the fuel cell performance is
%



enhanced as the operation temperature increases due to enhanced reaction kinetics
and increased proton conductivity of PBI membrane. Higher proton conductivity

yields in a decrease in the ohmic losses of the cell.

The temperature distribution within the cell is obtained with a non-isothermal three-
dimensional model. There is an increase in the temperature approximately 0.31 °C
at the operation voltage of 0.45 V, this value lowers at higher operation voltages. It
is concluded that exothermic reaction in the cathode catalyst layer does not have a
significant effect on the temperature; therefore, isothermal assumption is valid for

the system.

Keywords: HT-PEM fuel cells, Fuel cell modeling, Temperature distribution,
Comsol Multiphysics
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0z

YUKSEK SICAKLIK PEM YAKIT PILININ SICAKLIK PROFILININ
ARASTIRILMASI

Caglayan, Dilara Giil¢in
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. Inci Eroglu

Ortak Tez Yoneticisi: Dog. Dr. Yilser Devrim

Haziran 2016, 104 sayfa

Yiiksek sicaklik polimer elektrolit membran yakait pilleri (HT-PEMFC) gelecek icin
umut vaad eden alternatif enerji kaynaklaridir. Tasarim asamasinda faydali bir arag
olan modelleme, deneylerle karsilastirildiginda diisiik maliyetinin yanisira daha az
zaman gerektirir. Bu galisma 25 cm? aktif alana sahip bir HT-PEM yakit pilinin hem
essicaklikli hem de essicaklikli olmayan ii¢c boyutlu matematiksel modellerini
icermektedir. Korunum denklemleri, kismi diferansiyel denklemlerin sonlu element
metodunu kullanan ticari bir paket program olan Comsol Multiphysics 5.0

“Batteries & Fuel Cells” modiilii ile ¢oziilmiistiir.

Yakit pilinin katalizor tabakasinda gerceklesen egzotermik reaksiyon sayesinde HT-
PEM vyakat pillerinin operasyonunda sicaklik cok dnemli bir role sahiptir. Sicakligin

performans tizerindeki etkisi essicaklikli tekli ve tiglii serpantin akis kanalina sahip
vii



modellerle incelenmistir.Artan reaksiyon kinetigi ve PBI membranin proton
iletkenligi sayesinde, operasyon sicakliglr arttikca performansta iyilesmeler
goriilmiistiir. Yiiksek proton iletkenligi hiicredeki ohmik kayiplarin azalmasina

sebep olmaktadir.

Hiicre i¢indeki sicaklik dagilimi, essicaklikli olmayan {i¢ boyutlu bir model ile elde
edilmistir. 0.45 V operasyon geriliminde sicaklikta 0.31 °C artig goriilmiistiir, bu
deger gerilim daha yiiksek oldugunda azalir. Katot katalizor tabakasindaki
egzotermik reaksiyonun sicaklik {izerinde bilyiik bir etkisinin olmadig ve

essicaklikli varsayiminin sistem i¢in dogru oldugu sonucuna varilmistir.

Anahtar kelimeler: Yiiksek sicaklik PEM yakit pilleri, yakit pili modellemesi,
sicaklik dagilimi, Comsol Multiphysics
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CHAPTER 1

1. INTRODUCTION

Energy is an essential necessity for the human being. Increasing population and the
technological developments make the energy requirement increase year by year.
Energy is a necessity in every aspect of life such as domestic life, transportation,
industrial processes and so on. Diminution of the fossil fuels and increase in the
pollutant emissions divert the researchers’ attention seeking alternatives for clean
and renewable energy resources. Figure 1.1 shows the contribution of individual
energy sources on the world electricity production. As it is seen from the figure, the
predicted demand for total energy increases year by year as well as the contribution

of renewable energy sources.

L
e —
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2000 — |
f;' 2000 4000 EC;CD 8000 10000 12000

Twh
BRenewable B Hydraulics © Nuclear BPetrolenm B Natural Gas & Coal

Figure 1.1 Contribution of Energy Sources on Electricity Production (2000-2040)
[1]
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Hydrogen is the most promising alternative energy carrier as a secondary form of
the energy. It does not exist freely in the nature, yet it can be produced from primary
energy sources. Energy yield of the hydrogen is 122 kJ/g, which is approximately 3
times higher than the hydrocarbon fuels. As a clean fuel because of its carbon free
content, using hydrogen in fuel cells is the most promising way attracting

researchers’ attention to produce electricity.

Fuel cells are electrochemical devices that directly and continuously convert
chemical energy content of the feed into the direct current electricity as long as the
feed is supplied. When they are compared to the internal combustion engines, fuel
cells have higher efficiency because of the direct conversion of the chemical energy
into electricity. They have fast response to power demand, long cell and stack life,
low corrosion, no moving parts and low cost. In addition, they are quiet and
considered as “zero emission engine” because they only produce electrical power,

water and heat.

The first observation and the demonstration of fuel cells were made in 1930’s. Then
in 1842, Sir William Grove developed the first fuel cell producing electricity with
the combination of hydrogen and oxygen with the help of platinum electrode and
sulfuric acid electrolyte. Grove named this fuel cell as gaseous voltaic battery.
Despite the invention on fuel cell was in 1939, the first construction and evaluation
of a 5 kW fuel cell stack was completed in 1952 by an English engineer, Francis T.
Bacon. Figure 1.2 shows the fuel cell history timeline [2].
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Figure 1.2 Fuel Cell History Timeline
Fuel cells are categorized by the electrolyte type included in the system. The

electrolyte determines the characteristics of the operation such as operation
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temperature, feed type and so on. Solid oxide fuel cell (SOFC), molten carbonate
fuel cell (MCFC), alkaline fuel cell (AFC), Phosphoric acid fuel cell (PAFC), direct
methanol fuel cell (DMFC) and Polymer electrolyte membrane fuel cell (PEMFC)
are some types of fuel cells.

Fuel cells consists of components which have specific roles for the system. These
are flow channels, gas diffusion layers, catalyst layers and membrane. Oxidation
and reduction reactions of reactants take place at the catalyst layers. Typically,
oxidation in the anode side and reduction in the cathode side. The protons generated
in the redox reaction pass through the membrane; whereas, electrons pass through
an external circuit to complete the system. The catalyst layers are followed by gas
diffusion layers, which have a role in the homogeneous dispersion of the reactants
through the surface. There are gas flow channels, in which the reactant gases flow,

in contact with the gas diffusion layers.

PEM Fuel Cells include a polymer electrolyte acting as an insulator for the electrons
and conductor for the protons. The electrolyte characteristics highly depends on the
operation conditions such as the operation temperature and pressure. PEM Fuel
Cells can be classified into two groups according to their operation temperature:
PEM Fuel Cells operating between 50-100 °C and High Temperature PEM Fuel
Cells (HT-PEMFC) operating between 100-200 °C. PEMFCs include a
perfluorosulfonic acid (PFSA) polymer membrane electrolyte acting as an electron
insulator and proton conductor Nafion® produced by DuPont has become an
industrial standard for the temperature range of 50-100 °C due to its high ionic
conductivity, chemical stability, mechanical strength and flexibility. However, these
properties of Nafion® are only valid at highly hydrated states and temperatures up
to 80 °C. The ionic conductivity of the Nafion® strongly depends on the humidity;
in other words, lower humidity yields to lower ionic conductivity in the membrane.
Therefore, water and thermal management have become crucial in the PEM fuel
cells operating at low temperatures. The system must be well humidified; on the
other hand, excess humidification may cause flooding which is not desired. CO
tolerance of the fuel cell is comparably low. Few amount of CO content in the feed

stream causes a significant decrease in the fuel cell performance. Therefore,

4



alternative membranes have been investigated to overcome the drawbacks of low

temperature operation.

HT-PEMFCs include polybenzimidazole (PBI) membranes which have good
mechanical strength, high chemical and thermal stability at high temperatures.
Although the ionic conductivity of PBI membranes are low, it increases when they
are doped with a strong acid such as sulfuric or phosphoric acid. The material used
for the sealing of HT-PEMFC is Viton, which is one of the most widely used
elastomers. High temperature operation has the advantage of faster reaction kinetics
with the presence of single phase. As the operation temperature increases, the
tolerance to the CO increases. This advantage is more pronounced when the fuel cell
system is combined with a reformer, since reformate gas contains 2-3% CO.
Recovery of waste heat in the high temperature operation is much simpler when it
is compared with the low temperature because of the higher temperature gradient.
On the other hand, material degradation becomes more significant as the
temperature increases. The time required to achieve steady operation is higher as

opposed to the low temperature operation.

Modeling of fuel cells has become important recently, since it is able to explicate all
the mass, momentum and energy transport mechanism taking place within the
system. In addition, the fundamentals of the transport phenomena occurring within
the system is revealed by the modeling in such cases where it is not possible to
identify them by the experiments. With an appropriate model, it is possible to design
and optimize the system with less experiments required. Moreover, the behavior of
the system to the alterations related to the operation conditions can be foreseen with

the help of modeling.

The aim of this thesis is to develop the temperature profile in a HT-PEMFC by using
relevant three-dimensional model that elucidates the transport phenomena taking
place within the system. The HT-PEMFC which is aimed to be modeled has both
for commercial membrane produced by Danish Power Systems and the developing
membrane produced by FCRC research group. The active area of HT-PEMFC is 25
cm? including phosphoric acid doped PBI membrane. In addition to the temperature
profile, the sole effect of key parameters on the fuel cell performance is aimed to be
5



investigated, such as operation temperature, pressure, and flow rate of reactants.
With the help of the non-isothermal model results, an appropriate cooling strategy
is aimed to be designed in order to have better fuel cell performance with the

optimum operation conditions.



CHAPTER 2

2. HIGH TEMPERATURE PEM FUEL CELL TECHNOLOGY

2.1. Fundamentals and Operation of HT-PEMFC

HT-PEM Fuel Cells consist of a polymer membrane, electrodes, gas diffusion layers
and bipolar plates. Figure 2.1 shows a typical representation of the PEM fuel cell
with its components. Gas diffusion layers, catalyst layers and membrane constitute

membrane electrode assembly (MEA).
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Figure 2.1 Representation of the PEM fuel cell



Reactants fed from anode and cathode inlets diffuse through the gas diffusion layer
and reach electrodes at which oxidation and reduction reactions take place.
Hydrogen splits into its protons and electrons at the anode catalyst layer as it is
written in the Equation 2.1. The protons pass through the membrane; whereas, the
electrons completes the circuit by flowing through an external path. At the cathode
catalyst layer, oxygen reacts with protons and electrons coming from the anode

compartment and form water and heat as it is written in the Equation 2.2.

Anode half-reaction: H, —» 2H* + 2e~ E°=0V (2.1)
Cathode half-reaction: %OZ + 2H* + 2e” > H,0 E°=1.2291V (2.2)

The theoretical cell potential of the fuel cell is 1.229 V when the potential of anode
and cathode half-reactions are taken into account. However, three types of voltage
loss cause the potential of the cell to drop. These are mainly activation losses, ohmic
losses and concentration losses as shown in the Figure 2.2. Activation losses are
caused by the energy requirement for the bonding and breaking of chemical bonds
in the anode and cathode compartments. Ohmic losses result from the resistance to
proton transfer through electrolyte and the resistance to electron transfer through the
collector plates. Concentration losses arises from drop of the reactant gases

especially at high current densities due to their considerable consumption [3].
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Figure 2.2 Polarization curve of a HT-PEMFC with various losses

Figure 2.3 shows the individual losses and their change with respect to the current
density. The behavior of these losses can be explained by Equation 2.3 which

illustrates the different loss terms and their relation with cell voltage.
—py BT (L) _ R (e
E=1U, aF In (io) Ronmi nF In (iL—i) (2'3)

where E is the cell voltage (V), R is the universal gas constant (J mol* K1), T is
temperature (K), i is current density (A m), io is the exchange current density (A
m2), F is Faraday’s constant (C), Ronm is the ohmic resistance, n is the number of
transferred electrons with the reaction and i, is the limiting current density (A m?).
Second term in the right hand side stands for the activation losses, third term is for
the ohmic losses and the last term is for the concentration losses taking place within

the system. By taking into account all these losses occurring within the fuel cell, the

typical shape of polarization curve is obtained.
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Figure 2.3 Voltage drops caused by different types of losses in fuel cell: (a)
activation losses only; (b) ohmic losses only; (c) concentration losses only; (d)
total losses|[3]

A single cell generally produces about 0.6-0.7 V because of the activation, ohmic
and mass transfer losses within the system and to attain the maximum power. In
order to have higher power values, single cells are connected in series to form a
stack. Depending on the required power, the number of cells within the system can

be increased or decreased.
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2.2. HT-PEMFC Components

2.2.1. Bipolar plates

Metallic, polymeric and graphite materials are used in the bipolar plates. Graphite
is most preferred among the other materials used in bipolar plates due to its
resistance to corrosion. Conductivity of some materials used in bipolar plates is as
follows: C polymer approximately 100 S m™*, graphite 10° S m™, gold 4.5x10° S m-
! Fealloys 5.3x108 Sm™, Ti 2.4x107 S m™L. Although metallic materials have higher
conductivity, they are not preferred because of their high cost and low resistance to
corrosion. The manufacturing process of polymeric materials are rather easy and
cheap compared with the metallic and graphite materials; however, the major
drawback in the polymeric materials is the low conductivity. Adding graphite to the
polymeric material increases the conductivity of the bipolar plate; on the other hand,
as the amount of graphite material increases the mechanical properties of the
material decrease undesirably, which makes manufacturing more difficult and

expensive [4].

Various types of flow channel configurations are investigated for the fuel cells to
distribute the reactant gases uniformly. Some of the most commonly used flow
channel configurations are shown in Figure 2.4. Although straight flow channel
geometries assures uniform distribution, it is valid only in ideal cases. Especially
straight flow with small manifolds fails to distribute reactants uniformly, since most
of the gases flow through the channels adjacent to the manifolds. In the criss-cross
geometry, the drawbacks of straight channels are aimed to be overcome by the
addition of flow channels perpendicular to the straight ones. However, a significant
improvement in the performance is not observed. In small active areas, serpentine
flow channel is usually used, because it flows through the entire area. It is not
preferred in larger active areas because of high pressure drop. Therefore,
multichannel serpentine flow channels are used in the fuel cells having large active
area, since it has the same advantages with single serpentine. Mixed serpentine flow
channels resembles the multichannel serpentine flow channels; on the other hand, it

provides mixing in every turn decreasing the effect of channel blocking [2].

11
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Figure 2.4 Flow Field Configurations used in Fuel Cells (a, b) Straight, (c) criss-
cross, (d) single channel serpentine, (e) multichannel serpentine, (f) mixed
serpentine [2]

2.2.2. Gas Diffusion Layers

Gas diffusion layer (GDL) has a porous structure that enhances the diffusion of the
reactant gases from the flow channels to the active sites of the catalyst. GDL is a
thick layer which increases protection and mechanical strength for the catalyst layer.
It is generally made of carbon paper or carbon cloth to ensure the structural strength
for the electrons [5]. Moreover, GDL is an electron conductor transferring electrons

from catalyst layers to the bipolar plates.

12



2.2.3. Catalyst Layers

Electrode is a layer placed between the gas diffusion layer and the electrolyte in
which the electrochemical reactions take place. Platinum is the catalyst that is used
most frequently used in the PEMFC. In order to have higher power densities with
lower ohmic losses, a thin catalyst layer is required with higher platinum loading

per unit area.

There exist two different procedures followed in the preparation of the catalyst
layers. The slurry including electrocatalyst is deposited on the gas diffusion layer.
The membrane is pressed with the coated gas diffusion layers in order to attain
desired contact. However, in this approach the ionic contact resistance between the
electrolyte and the catalyst layers is higher than desired. As a second approach, the
slurry containing electrocatalyst is deposited on the membrane. In this case, the

interfacial resistance is decreased in addition to the enhanced Pt utilization [6].

2.2.4, Electrolyte

Phosphoric acid doped polybenzimidazole (poly[2,2-(m-phenylene)-5,5-
bibenzimidazole]; PBI) is considered to be the most promising among the alternative
membranes by virtue of its high proton conductivity, high thermal stability and high
fuel cell performance [7]. Synthesis and the molecular structure of PBI membrane
is given in Figure 2.5.

13
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Figure 2.5 Synthesis of PBI membrane [7]

Thermal stability of PBI membranes has been examined. Weight loss is
approximately 13% at the temperatures up to 150 °C for pure PBI due to the loss of
absorbed water. On the other hand, no further significant weight loss is observed for
the temperatures between 150-500 °C, meaning that it is thermally stable at that
range. Substantially higher weight loss occurs above 500 °C because of the polymer
oxidation [8]. In order to increase the proton conductivity of PBI membrane, the
membrane is doped with several inorganic acids such as sulfuric acid, phosphoric
acid, perchloric acid, nitric acid and hydrobromic acid [9-13]. Phosphoric acid is
the most promising one among these acids because it provides good proton

conductivity, high thermal stability as well as its low vapor pressure.

The proton conductivity of PBI membrane depends on several factors such as acid
doping level and relative humidity of the membrane. Acid doping level of the
membrane is calculated by doped moles of phosphoric acid per repeated unit of PBI
by taking the weight difference of doped and undoped membranes [14]. At constant
temperature and relative humidity, the proton conductivity of PBlI membrane

increases with increasing acid doping level [9,14,15]. Relative humidity also affects
14



the proton conductivity of PBI membrane; however, this dependence is more
pronounced at higher temperatures. For instance, when the relative humidity is
increased from 5.6 to 20% the proton conductivity of PBI membrane increases from
3104 Smat 140 -C, whereas the proton conductivity increases from 4 to 7 S m™
when the relative humidity increases from 1 to 5% [14]. Proton conductivity as a
function of acid doping level and temperature is studied by Hjuler et. al [16] at 100
°C and 180 °C. It is seen that conductivity is proportional to temperature; on the
other hand, the same behavior is not observed for acid doping level. Moreover, the
fuel cell performance of pure hydrogen and reformate gas is investigated. It is
concluded that use of reformate gas instead of pure hydrogen yields in

approximately 5% loss in the power density.

The protons, positively charged hydrogen ions, evolved in anode half-reaction
passes through the membrane by following proton hoping mechanism as shown in
Figure 2.6. The proton diffuse through the molecules by hydrogen bonding. It sticks
to the phosphoric acid and causes another hydrogen ion to leave.
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Figure 2.6 Interaction between phosphoric acid and PBI membrane for proton
transfer [17]
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2.3. HT-PEMFC Experimental Results Available in Literature

There are several works published in literature with different operating conditions.
Table 2.1 lists some of the works conducted with an active area less than 50 cm?.
Researchers have investigated the influence of operation temperature,
stoichiometric excess of anode and cathode feeds and pressure. It is seen that
changing anode stoichiometric excess does not have a significant effect on the fuel
cell performance. Therefore, the studies have mainly focused on the stoichiometric
excess of cathode feed taking into account the partial pressure of oxygen in the air.
Increase in operation temperature, stoichiometric excess and pressure enhances the
performance of the fuel cell. Table 2.2 lists the experimental conditions performed
for commercial size HT-PEMFCs, which have an active area larger than 100 cm?.
In some of the commercial size applications, reformate gas was used as anode fuel
in order to observe influence of carbon monoxide and carbon dioxide on the
performance of the HT-PEMFC.

16
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Table 2.1 List of experimental conditions on HT-PEMFC published in literature

Active Operation Stoichiometric
Author Year Fuel Type Pressure
Area (cm?) Temperature Excess (A/C)
Ha/Air _
Korsgaard et al. [18] 2006 45.16 _ 120-180 °C (2.5/2, 2.5/3, 2.5/5) Ambient
Reformate/Air
0.2 MPa
Hu et al. [19] 2006 7.8 H2/O: 150 °C NA
backpressure
) (1.5/2) (1.5/4) (1.5/6) _
Zhang et al. [20] 2007 2.6 Ha/Air 120-200 °C Ambient
(1.5/10)
Scott et al. [21] 2007 9 H2/O & Ha/Air 125-175 °C 1.5/2.2 1-2 bar
) (1.2/2) (1.2/2.5) Ambient, 25 psig
Ubong et al. [22] 2009 45 Ho/Air 120-180 °C
(1.2/3) backpressure
Wannek et al. [23,24] | 2009 14.4 Ha/Air 160 °C (2/2) (3/3) (6/6) Ambient
Parrondo et al [25] 2010 3.24 H2/O2 160-200 °C 1.2/2 Ambient
Su et al. [26] 2012 5 H2/O: 160-200 °C NA Ambient
Steenberg et al [27] 2012 10 Ho/Air NA 4/4 NA
Bezmalinovic et al[28] | 2014 50 Ho/Air 160 °C (1.3/1.5)(1.3/2)(1.3/3) | 1 atm backpressure
Sun et al. [29] 2015 16 cm? Ho/Air 170 °C 2/3.5 1 atm backpressure
Devrim et al. [30] 2016 5 cm? Ho/Air 140-180 °C 1.5/2.5 NA
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Table 2.2 List of experimental conditions on HT-PEMFC published in literature with commercial size MEA

Active Operation Stoichiometric
Author Year Fuel Type ) Pressure
Area Temperature Ratio (A/C)
Li et al."(review) [31] 256 cm? Ha/Air 170 °C NA Ambient
Juelich/FuMa-Tech Ho/Air 180 °C Ambient
BASF-PEMEAS ) )
_ Ha/Air 160 °C Ambient
Sartorius 2009
Plug Power
Volkwagen Ha/Air
_ 160 °C 3 bar
Sartorius
Ha/Air
Liike et al. [32] 2012 | 200 cm? _ 160 °C 2/2 NA
Reformate/Air
_ Ha/Air )
Hjuler et. al [8] 2012 | 140 cm? ] 160 °C 1.3/3 Ambient
Reformate/Air
Ho/Air 1.6/2
JanBenetal. [33] | 2013 | 320 cm? _ 160-180 °C NA
Reformate/Air 2.7/2
Samsun etal. [34] | 2014 | 340 cm? Reformate/Air 160 °C 1.2/2 NA




2.4. HT-PEMFC Modeling Available in Literature

Cheddie and Munroe [35] developed the first mathematical model for the HT-
PEMEFC. In their one-dimensional (1D) model, they studied the effect of the cathode
feed flow rate as well as the conductivity of the electrolyte. They compared the
performance curves of air and oxygen both by model and experiments. The results
show that using pure oxygen as cathode feed yields in better fuel cell performance.
In addition, they obtained the polarization curve for different electrolyte
conductivities ranging from 1.87 S m? to 17 S m™. It is seen that the best
performance is obtained with high conductivity and oxygen as cathode feed, since

higher electrolyte conductivity results in lower ohmic losses.

In their paper, Cheddie and Munroe [36] investigated the effect of GDL porosity,
catalyst activation, Pt weight fraction and membrane conductivity on the fuel cell
performance. The porosity of the GDL do not have a significant impact on the
activation loss and ohmic loss regions; however, the concentration loss region, at
which gas transport limitations are observed, is highly affected by the GDL porosity.
High porosity yields in higher permeability of gases which enhances the
performance. On the other hand, as the porosity increases the amount of solid region
decreases, which causes decrease in the effective thermal and ionic conductivity
affecting performance negatively. Therefore, it is concluded that there occurs an

optimum porosity for the GDL.

In their three-dimensional (3D) model, Peng and Lee [37] studied the effect of
temperature on the fuel cell performance in the range of 125-160 °C and found out
that increasing temperature provides better fuel cell performance. They constructed
both isothermal and non-isothermal models in order to investigate the effect of
isothermal assumption on the modeling. At 0.6 V, the maximum difference in
current density between isothermal and non-isothermal models is 35 A m under
collector land areas. Moreover, they obtained the temperature distribution in the
midway section of the fuel cell having approximately 2 °C difference at high current

densities whereas this value drops down to 0.1 °C at low current densities.
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In their paper, Scott et. al [21] developed a 1D isothermal model. Effect of operation
pressure and temperature on the fuel cell performance is analyzed. The model results
show that increasing pressure and temperature enhances the fuel cell performance.
At 175 °C peak power densities of 1 bar and 2 bar operations are 4850 W m and
6300 W m2, respectively. The fuel cell performance is amended by the increasing
temperature. In addition to temperature and pressure, influence of the platinum
loading on the cathode catalyst layer is studied. The predicted power densities
increase with increasing Pt loading; on the other hand, higher power density per unit

mass of platinum is obtained at low Pt loading.

The influences of operation temperature and air stoichiometry on the performance
are examined by Ubong et. al [22] using a 3D isothermal model. Higher
temperatures are favorable for better fuel cell performance. On the other hand, it is
seen that increasing stoichiometric excess of the air does not have a significant effect
on the power density. Enhancement in the power density is insignificant with
increasing stoichiometric excess of air as long as enough air is fed to the system.

Lobato et. al [38] constructed a 3D isothermal model to investigate the effect of flow
channel geometry on the fuel cell performance. Three different flow channel
geometries are used in the model: 4-step serpentine, parallel and pin-type. By
assuming hydrogen concentration do not have an effect on the cathode performance
because of its sufficient amount, they modeled only the cathode compartment. The
best performance among the three flow channel geometries is obtained with
serpentine flow channels. However, the performance of pin-type and serpentine flow
channel are approximately the same at low current densities. In addition, the effect
of cathode inlet flow rate is studied for five different flow rates. At low current
densities, the flow rate does not have a significant effect on the performance because
of the low demand for oxygen. It is seen that higher amount of feed gives better
performance especially at high current densities at which diffusion effect is
observed. Influence of the operation temperature on the fuel cell performance is also
modeled. According to the model, higher operation temperature gives better fuel cell
performance because of the increase in the electrolyte conductivity.

20



Kvesi¢ et. al [39] developed a 3D non-isothermal computational fluid dynamics
(CFD) model for a five cell short stack with an active area of 200 cm?. The model
validation is performed by measuring local temperature and local current density
with a plate located between 3 and 4™ cell in the stack. The model results and
measured local temperature values do not have a significant variation, the maximum

temperature difference is approximately 1%.

Su et. al [26] built a two-dimensional (2D) non-isothermal model in order to
investigate the effect of operation temperature and PBI loading on the fuel cell
performance. Enhanced reaction kinetics and mass transport processes increases the
performance as the operation temperature increases. On the other hand, there occurs
degradation as PBI loading increases from 5 wt % to 30 wt %. Increase in PBI
loading results in blocked oxygen transport as well as decrease in the Pt volume

fraction.

Proposing a 3D non-isothermal model, Krastev et. al [40] studied the influence of
pure hydrogen and syngas on the fuel cell performance. Due to the reduction in
hydrogen concentration and presence of carbon monoxide in the anode feed, the fuel
cell performance diminished. Moreover, the performance curve for PBI and pyridine
membranes is obtained by using pure hydrogen and syngas. It is seen that PBI
membrane both with pure hydrogen and syngas provides better results when the

power densities are compared with the pyridine membranes.

In their study, Sun et. al [41] studied the effect of GDL porosity, GDL thickness and
cell temperature on the fuel cell performance by using a 2D model. It is deduced
that increasing the GDL porosity from 0.2 to 0.5 enhances the fuel cell performance
because of the proportionality between effective diffusivity and GDL porosity. This
results in enhancement of oxygen molecule transport to the cathode catalyst layer
making the reaction rate to be faster. The fuel cell performance decreases by using

thicker GDL. Thicker GDL raises the concentration over-potential.

Table 2.3 illustrates some of the mathematical models in regard to chronological
order. As it is seen from the table, model dimension varies with respect to the
publication year. Most of the models have been developed for steady-state case in

order to examine the effect of model parameters on the fuel cell performance. On
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the other hand, there exist dynamic models to observe the behavior of the system at
the start-up. Figure 2.7 shows a representation of model domain used in 1D and 2D
models of HT-PEMFC. Only z-direction is taken into account for the 1D models;
on the other hand, xz-plane or yz-plane can be used in the 2D models. Both 1D and
2D models fail to predict the behavior of the system in the remaining dimensions.
For the solution technique of 2D and 3D models, Comsol Multiphysics and ANSY S-
Fluent are used. There exist both 2D and 3D models in recent years. 2D models fail
to predict all the phenomena occurring within the system since they do not take into
account the third dimension. 3D models require more time when they are compared
with the 2D models; however, an appropriate and validated model could elucidate
the system behavior in all aspects. 3D models given in Table 2.3 are either modeled
with a single channel domain or only the cathode compartment is taken into account
by neglecting anode overpotential. This current study includes 3D model of a single

cell with the consideration of entire active area and flow channels.
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Figure 2.7 Model domains used in 1D and 2D models of HT-PEMFC [2]
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Table 2.3 Solution technique of mathematical models for HT- PEMFC in literature

Authors Year | Model Dimension Model Domain Solution Technique I/NI
Cheddie & Munroe [35,36] 2006 1D Single cell Runge-Kutta Method NI
Cheddie & Munroe [42] 2006 3D Single channel FEMLAB 3.1i NI
Hu et al. [19] 2006 2D Half cell yz-plane FEMLAB I
Peng & Lee [37] 2006 3D Single channel FLUENT 6.1 NI
Cheddie & Munroe [43] 2007 2D Single cell xz-plane FEMLAB 3.1i NI
Scott et al. [21] 2007 1D Single cell Comsol Multiphysics I
Ubong et al. [22] 2009 3D Single channel Comsol Multiphysics I
Lobato et al. [38] 2010 3D Single half-cell Comsol Multiphysics I
Siegel et al. [44] 2011 3D Single cell Comsol Multiphysics NI
Reddy & Jayanti [45] 2012 3D Single channel ANSYS-Fluent NI
Kvesic et al. [39,46] 2012 3D Single cell+cooling ANSY S-Fluent NI
Su et al. [26] 2012 2D Single cell yz-plane Comsol Multiphysics NI
Chippar & Ju [47] 2013 3D Single channel FLUENT NI
Bezmalinovic et al. [28] 2014 2D Single cell xz-plane Comsol Multiphysics I
Lang et al. [48,49] 2015 2D Single cell xz-plane | Finite Element Method NI
Elden et al. [50] 2016 2D Single cell yz-plane Comsol Multiphysics NI
Caglayan et. al [51,52] 2016 3D Single cell Comsol Multiphysics I
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CHAPTER 3

3. MODEL DEVELOPMENT

3.1. Three-Dimensional Isothermal Model

Three-dimensional single cell models with triple mixed serpentine type of flow
channel are built for numerical modeling. The single cell having an active area of
25 cm? includes phosphoric acid doped PBI membrane. Model of the cell is solved
by a commercial software package, Comsol Multiphysics 5.0 Batteries and Fuel Cell
Module. The numerical solution is obtained by using finite element method. The
representation of the model domain can be found in Figure 3.1. Dimensions of each
component in the modeling domain are tabulated in Table 3.1. Air and hydrogen are
used feed with the stoichiometric coefficients of 2.5 and 1.5, respectively. Graphite
material is used in the bipolar plates. Cell voltage is taken as 0.6 V; on the other
hand, parametric sweep is used in order to obtain the polarization plot. General

parameters used in the modeling are given in Table 3.2.

Table 3.1 Dimensions of HT-PEM fuel cell components used in the model

Description Value Units
Active Area 25 cm?
Channel Height 75x10* |m
Channel Width 75x10* |m
Rib Width 15x10° |m
GDL Width 55x10% |m
Electrode Thickness 25x10° |m
Membrane Thickness 75x10° |m
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Figure 3.1 Isothermal model domains (a) triple mixed serpentine (b) serpentine

ed in Comsol Multiphysics at 165 °C

3.2 Parameters us

Table
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Parameter Value Unit
GDL Porosity 0.5 -

GDL Permeability 3x 1012 m?
GDL Electric Conductivity 687.5 S/m
Anode Viscosity [53] 1.144x 10 | Pas
Cathode Viscosity [53] 2.465x 10° | Pas
H.-H.0 Binary Diffusion Coefficient [54] | 41.9x10% | m?s?
N2- H20 Binary Diffusion Coefficient [54] | 144x10% |m?s?
0.-N2 Binary Diffusion Coefficient [54] 342x10°% | m?st
0-H,0 Binary Diffusion Coefficient [54] |49.2x10° |m?s?!
Oxygen Reference Concentration [22] 40.88 mol m
Hydrogen Reference Concentration [22] 40.88 mol m™3

3.1.1.

Assumptions

Steady state

Laminar flow

All reactants and products are in gaseous phase

All gases and water obey the ideal gas law

Operation is performed under isothermal conditions

No crossover of gases and water through the membrane

The physical properties of the components are constant

GDL is composed of isotropic and homogeneous porous materials.

3.1.2. Governing Equations

Conservation equations are employed in order to develop a mathematical model for
the system. These are basically the conservation of mass, conservation of
momentum, conservation of charge and conservation of energy for the non-
isothermal models. In order to simplify the equations related to each specified

system, assumptions are taken into account. The model domain is analyzed in four

parts: flow channels, gas diffusion layers, catalyst layers and the membrane.
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3.1.2.1. Flow Channels

For the incompressible mass transport in the flow channels Navier-Stokes equation
can be applied as in the Equation 3.1, with simplified form of the continuity equation
written in Equation 3.2.

puVu+Vp —V.u(Vu + (Vu)") =0 (3.1)

V.(pu) =0 (3.2)

Where u is the velocity vector (m s), p is the gas mixture density (kg m™), p is the

pressure term (N m™) and p denotes the dynamic viscosity of the mixture (kgm™ s
1).
Mass transport of each species within the system can be explained by the general
form of Maxwell-Stefan equation.

v
Where w; is the mass fraction of the species i in the mixture, and Djj denotes the

binary diffusion coefficient (m? s™).

3.1.2.2. GDL

The transport phenomena occurring in the GDL, which is a porous system, can be
elucidated by the Darcy’s law. The generation term must be added to the Navier-

Stokes equation.

p(u.V)u+Vp = V.u(Vu + (Vu)7) = —kiu (3.4)

Where kp denotes the permeability of gas diffusion layer (m?). Finally, a charge

balance must be performed in the GDL as shown in Equation 3.5;
v.(xve) =0 (3.5)

Where chf T denotes the effective ionic conductivity of the solid phase (S m™) and
@s is the phase potential.
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3.1.2.3. Catalyst Layer

The simplified form of the Butler-VVolmer equation can be used in order to calculate
the local current density. The individual equations for anode and cathode

compartments are given in Equation 3.6 and Equation 3.7, respectively.

iq = ig* (jf:f)os | oy (3.6)
H3

o= (25 [enw (- 2] @)
2

Where ia and ic are the transfer current densities (A m™) corresponding to the
electrochemical reaction at the anode and cathode catalyst layers, respectively; Cy,
and Cy, are the concentration (mol m-3) for hydrogen and oxygen; na and 1 are the
potential difference between solid matrix and the electrolyte; aa and oc are the

transfer coefficients for anode and cathode.
3.1.2.4. Electrolyte

For the electrolyte, because of crossover of gases through the membrane is

neglected; therefore, only charge balance is considered.
V.(x,V@,) =0 (3.8)

k., denotes the proton conductivity (S m™?) of the phosphoric acid doped PBI

membrane and @, is the phase potential at the electrolyte.

3.1.3. Boundary Conditions

- Continuity at all boundaries

- Noslip for all channel walls

- Suppress backpressure

- Constrain outer edges set to zero for both inlet and outlet

- Bipolar plates on the both side of the cell set to electric ground and cell

operation potential
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3.2. Three-Dimensional Non-Isothermal Model

The non-isothermal model is developed for the HT-PEMFC with triple mixed
serpentine flow channel geometry. In addition to the equations used in isothermal
model, conservation of energy is applied for the system. The thermal properties used

in the non-isothermal model is given in Table 3.3.

Table 3.3 Thermal properties of components used in non-isothermal model

Description Value Unit
Thermal conductivity of GDL [50] 1.15 W mtK?
Thermal conductivity of membrane [47] 0.95 W mt K1
Thermal conductivity of hydrogen [55] 0.204 W mtK?
Thermal conductivity of air [55] 0.03 W mtK?
Specific heat capacity of hydrogen [55] 14400 JkgtK?
Specific heat capacity of air [55] 1010 JkgtK?
Specific heat capacity of GDL [55] 1050 Jkgt K
Specific heat capacity of membrane [47] 1650 JkgtK?

3.2.1. Assumptions

- Steady state

- Laminar flow

- All reactants and products are in gaseous phase

- All gases and water obey the ideal gas law

- No crossover of gases and water through the membrane
- The physical properties of the components are constant

- GDL is composed of isotropic and homogeneous porous materials.

3.2.2. Governing Equations

Conservation of energy is employed in the non-isothermal model as well as the
conservation of mass, momentum and charge equations used in the isothermal

model.

V.(pCpuT) = V(k®IVT) + S; (3.9)
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pCy = g(pcp)f + (1 —e). (pcp)s (3.10)

Where T is temperature (K), C,, is the specific heat (J kg™ K™), k¢// is the effective
thermal conductivity (W m™ K1) and St is the source term in the energy balance
varying for each component in the model domain. Subscript f is used for the fluid
phase, whereas s is used for the solid matrix. There is no source term in the flow

channels and GDL. The source term for the catalyst layers is given below;

. du, 1?
Sr=1ic(n+T52) + (3.11)

Where 1) is the overpotential (V), Uo is the thermodynamic equilibrium potential (V)

which depends on temperature as given below [56];
For anode; U, = 0 (3.12)
For cathode; U, = 1.23 — 9.10~*(T — 298.15) (3.13)

Generation term for the membrane is given below;

Sr=—5 (3.14)
n= Q)s - Q)e - Uo (313)

3.2.3. Boundary Conditions

- Continuity at all boundaries

- No slip for all channel walls

- Suppress backpressure

- Constrain outer edges set to zero for both inlet and outlet

- Thermal insulation for all walls

- Bipolar plates on the both side of the cell set to electric ground and cell

operation potential
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3.3. Comsol Multiphysics

For the modeling and simulations of the physics-based problems, Comsol
Multiphysics is used as a commercial software based on numerical methods in the
solution of partial differential equations. By coupling the appropriate physics related
to the problem, the transport phenomena occurring within the system can be solved.
When a system is aimed to be modeled, first geometry tool should be used in order
to draw the system geometry and built the modeling domain. System parameters can
be introduced as a list with denoted symbols or they can be directly written to the
related parts. Each physics contain specific equations; for instance, “secondary
current distribution” includes conservation of charge, “reacting flow in porous
media” includes conservation of species and “heat transfer in porous media” is used
to take into account the conservation of energy within the system. By using proper
assumptions and boundary conditions related conservation equation can be

simplified.
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CHAPTER 4

4. THREE-DIMENSIONAL MODELING OF A HIGH TEMPERATURE
POLYMER ELECTROLYTE MEMBRANE FUEL CELL AT
DIFFERENT OPERATION TEMPERATURES!

4.1. Introduction

Fuel cells are electrochemical reactors that directly convert chemical energy to the
electrical energy. The direct conversion of chemical energy to the electrical energy
yields higher efficiency compared to the internal combustion engines. Moreover,
fuel cells have high power density, low or zero emissions, long cell and stack life
and low corrosion. Thus, they can be considered as promising alternative energy
source for the future [57]. Polymer electrolyte membrane fuel cell (PEMFC)
includes a polymer electrolyte acting as an electron insulator and proton conductor
[2]. The electrolyte is usually Nafion® produced by DuPont or another
perfluorinated polymer [58]. Nafion® has become an industrial standard for the
PEMFCs operating at 50-100 °C, because of its high proton conductivity, chemical
stability, mechanical strength and flexibility. On the other hand, these properties are
only valid at highly hydrated states and temperatures up to 80 °C [59]. It is seen that
lower humidity yields to lower conductivity in the membrane [9]. Thus, water and
thermal management play a key role in the fuel cells operating at low temperature.
In addition, at low temperatures CO tolerance of the fuel cell is relatively low [36].
Even few amount of CO content in the feed stream decreases the cell performance

significantly [60]. Therefore, alternative membranes have been investigated in order

! Caglayan DG, Sezgin B, Devrim Y, Eroglu I. Int J Hydrogen Energy 2016;41:10060-70.
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to overcome these problems related to the PEMFC operating at temperatures lower
than 100 °C [4,36].

Polybenzimidazole (PBI) membranes have been developed for the fuel cells
operating at temperatures above 100 °C. They have good mechanical strength, high
chemical and thermal stability at high temperatures [25,61]; moreover, their ionic
conductivity is high when they are doped with a strong acid such as phosphoric [7]
or sulfuric acid [15,42,62]. In addition to the high conductivity, high temperature
operation also has the advantage of having faster reaction kinetics with a single
phase. High temperature PEMFC are more tolerant to CO and recovery of waste
heat is much simpler compared to the low temperature operation [6,61,63]. Despite
these advantages, material degradation and slow start-up are the major drawbacks
of this type of fuel cell [38].

Modeling of fuel cells has gained importance in recent years, because it elucidates
the transport phenomena occurring within the system [64]. Moreover, modeling
reveals the fundamentals of the processes occurring within the system, which cannot
be determined by experiments in the current state [43]. Detailed three-dimensional
mathematical models of the fuel cell performance have been reported previously in
the literature. Ju et al. [56] investigated the influence of GDL thermal conductivity,
relative humidity of inlet streams and operating voltage on the cell performance by
developing a three-dimensional non-isothermal model. Sun et al. [41] studied the
effect of cell temperature, GDL porosity and GDL thickness on the cell performance
in their two-dimensional, single phase model. Kvesic et al. [46] presented a three-
dimensional non-isothermal model to analyze the performance of a high temperature
PEMFC stack operated on reformate gas as well as the effect of co-flow and counter-
flow of anode, cathode and cooling oil. Moreover, Krastev et al. [40] developed a
three-dimensional non-isothermal single cell model in order to analyze the effect of
anode gas composition on the performance of the high temperature PEMFC. The
effect of temperature on the performance of the cell was previously investigated
both experimentally and theoretically. Cheddie and Munroe [42] built a three-
dimensional model to investigate the effect of oxygen flow rate on the cell
performance and temperature variation along the cell. In addition, they compared

the performance curves of their current model with a two-dimensional model that
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they developed in their previous study [36]. In their three-dimensional half-cell
model Lobato et al. [38] studied the influence of the inlet flow rate of oxygen, the
temperature and flow channel geometry: 4-step geometry, parallel and pin-type.
Ubong et al. [22] conducted both experimental and numerical work to investigate
the effect of operation temperature, pressure and air stoichiometry on the
performance of the high temperature PEMFC. In their study, a three-dimensional
model of a single cell with triple serpentine flow channels was built. However, the
models are more limited in terms of entire cell and its components. There are few
models that take into account all mass, momentum and ion transport within the entire
active area and flow channels. Various models have been reported in the literature;
nevertheless, most of them are based on single channel geometry. In the literature,
there is the inadequacy of the change of parameters from inlet to the outlet of the
compartments.

It is reported that the ionic conductivity of the PBI membrane is highly dependent
on the temperature [15]. Moreover, temperature affects the reaction kinetics; in other
words, higher temperature leads to faster kinetics. Therefore, it is seen that
temperature has a significant effect on the cell performance when reaction Kinetics
and membrane ionic conductivity are taken into account. In a high temperature
PEMFC stack design, cooling is an important problem. The strategy of cooling has
to be well established before the manufacturing. The cell temperature may vary from
one cell to another in a stack that may cause variation in the performance of the
cells. Therefore, it is important to investigate the influence of the temperature on the
performance during the design stage. In this study, an isothermal, three-dimensional
model of a single cell is built for the selected channel geometry and design
parameters. The model is solved by Comsol Multiphysics 5.0 Batteries and Fuel
Cell Module for different temperatures in the range of 100-180 °C. In this manuscript
our purpose is to investigate the sole effect of the temperature on the performance
of a single high temperature PEMFC. The originality of this study comes from its
solution method and consideration of the entire active area and all components of a
single cell. There are very few experimental data reported in literature on
temperature dependency of ionic conductivity of PBI membrane and the

performance of high temperature PEMFC reported with the same membrane
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electrode assembly. In the present work the temperature dependency of ionic
conductivity has been simulated from experimental data reported for the PBI
membrane produced by Danish Power Systems [65]. The design parameters such as
air and fuel flow rates, PEMFC active area, channel geometry, channel dimensions,
PBI membrane properties were selected from another study of our research group.

Experimental polarization data reported in this issue by Sezgin et al. [51] at 160 °C
for a single cell high temperature PEMFC are used to validate the model for both
single channel and triple mixed serpentine flow channels. The models also predict
the air flow cathode flux, pressure distribution in the cathode and anode flow
channels, reactant and product concentration distributions, and corresponding

electric current density produced by the fuel cell.

4.2. Model Development

A three-dimensional single cell model with triple mixed serpentine type of flow
channel is built for numerical modeling. The cell model, which contains PBI
membrane doped with phosphoric acid as electrolyte, is solved by a commercial
software package, Comsol Multiphysics 5.0 Batteries and Fuel Cell Module. The
numerical solution performed in the program is obtained using finite element
method. The representation of modeling domain can be found in Figure 4.1. The
dimensions of each component in the modeling domain are tabulated in Table 4.1Air
and pure hydrogen are fed to the cathode and anode inlets of the single cell having
an active area of 25 cm?. The stoichiometric coefficients of air and hydrogen are
taken as 2.5 and 1.5, respectively. Operating voltage is taken as 0.6 V; however,
parametric sweep is used in order to obtain the polarization plot. The effect of
temperature on the fuel cell performance is modeled by using single flow channel
model which requires less computational time. Numerical values of general
parameters used in the computation are listed in Table 4.2. The parameters are used

for both single flow channel model and triple mixed serpentine flow channel model.
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Figure 4.1 Components of the domain used in Comsol Multiphysics model (a)
Single flow channel geometry (b) Triple mixed serpentine flow channel geometry
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Table 4.1 The geometric properties of HT- PEM fuel cell used in the simulation

Description Value Units
Active Area 25 cm?
Cell Length 4x10? m
Channel Height 75x10% m
Channel Width 7.5x10* m
Rib Width 1.5x 103 m
GDL Width 55x10™ m
Electrode Thickness 2.5x 107 m
Membrane Thickness 7.5x 107 m

Table 4.2 General parameters used in simulation (Operation temperature is taken

as 160°C)
Description Value Units
GDL Porosity 0.5 -
GDL Permeability 3x1012 m?
Inlet H>O Mass Fraction(cathode) 0.001 -
Inlet O> Mass Fraction(cathode) 0.231 -
Anode Inlet Molar Flow Rate 7.71x10° mol s*
Cathode Inlet Molar Flow Rate 3.05x 10 mol s!
Anode Inlet Flow Velocity 1.37 m st
Cathode Inlet Flow Velocity 5.43 m st
Anode Viscosity [53] 1.135x 10° kgmtst
Cathode Viscosity [53] 2.464 x 10° kgm?s't
Cell Temperature 433 K
Pressure 1.2 x 10° Pa
Cell Voltage 0.6 \/
Oxygen Reference Concentration [22] 40.88 mol m™
Hydrogen Reference Concentration [22] 40.88 mol m™3
Membrane Conductivity 19.06 Smt
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4.2,1, Assumptions

- Steady state

- Laminar flow

- All reactants and products are in gaseous phase

- All gases and water obey the ideal gas law

- Operation is performed under isothermal conditions

- No crossover of gases and water through the membrane
- The physical properties of the components are constant

- GDL is composed of isotropic and homogeneous porous materials.

4.2.2. Equations

Basic conservation equations are used in order to obtain a mathematical model for
the system. These are the conservation of mass, conservation of momentum and the
conservation of charge. At this stage, conservation of energy is not used since the
system is assumed to operate under isothermal conditions. For the simultaneous
solution of these equations, the assumptions should be taken into account. Several
simplifications can be done for the system components using these assumptions. The
system is analyzed in three parts: flow channels, gas diffusion layers and the
membrane. By the help of the assumptions and boundary conditions, the

conservation equations for each compartment are obtained.
4.2.2.1. Flow Channel

Navier-Stokes equation for the incompressible mass transport in the flow channels

and continuity equations can be applied for the system.
p(u.Vu+Vp —V.u(Vu + (Vu)") =0 (4.1)
V.(pu) =0 (4.2)

where u is the velocity vector (m s), p is the gas mixture density (kg m?3), p is the

pressure term (N m) and u is the dynamic viscosity of the mixture (kg m™ s).
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Mass transport of each species can be explained by the general form of Maxwell-

Stefan relation.

where w; the mass fraction of the species i in the mixture is, D;; is the binary
diffusion coefficient (m? s?).

4.2.2.2. Gas diffusion layer

Darcy’s law can be used in order to explain the phenomena occurring in the gas

diffusion layer. The generation term must be added to the Navier-Stokes equation.

p(u.V)u+Vp —V.u(Vu + (Vu)T) = —kiu (4.4)

where k,, is the permeabilityof gas diffusion layer (m?). A charge balance must be

performed in the GDL;

v.(xve,) =0 (4.5)

eff

N

the phase potential.

where k’/ is the effective ionic conductivity of the solid phase (S m™) and @ is

4.2.2.3. Catalyst Layer

In order to calculate the local current density, simplified Butler-Volmer equation for
anode and cathode can be used;

0.5
. . C atdc
la=lz’C(Cfg) [ P | = 0 (4.6)
Hy
. . o Fne
=i ( 5 ) [ewn (- 52] =0 @)
2

where i, and i. are the transfer current density (A/m?) corresponding to the

electrochemical reaction at the anode and cathode catalyst layers, respectively;
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Cy,and C,, are the concentration (mol m™) for hydrogen and oxygen; n, and . are
the potential difference between solid matrix and the electrolyte; «, and «, are the

transfer coefficients for anode and cathode.
4.2.2.4. Electrolyte

Crossover of gases through the membrane is neglected; therefore, only charge

balance is considered for the electrolyte.
V. (k.V0,) = 0 (4.8)

K, is the ionic conductivity (S m™) of the phosphoric acid doped PBI membrane

and @, is the phase potential at the electrolyte.

4.2.3. Boundary Conditions

- Continuity at all boundaries

- No slip for all channel walls

- Suppress backpressure

- Constrain outer edges set to zero for both inlet and outlet

- Bipolar plates on the both side of the cell set to electric ground and cell

operation potential

4.3. Results

4.3.1. Temperature Influence

Figure 4.2 illustrates the polarization curves of a single high temperature PEMFC
simulated at different operating temperatures ranging from 100 °C to 180 °C. In
order to decrease the computational time required by Comsol Multiphysics, 0.1 V
sweep rate and single flow channel geometry are used to obtain the polarization
curve. The anode and cathode feed are composed of hydrogen and air with the
stoichiometric ratios of 1.5 and 2.5, respectively. Voltage vs current density plots
coincide at high operating voltages down to 0.7 V, where temperature does not

influence the average current density significantly. The drastic decrease in the
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voltage is caused by the activation barrier of the chemical reaction taking place in
the system within this region. The activation loss is not significantly affected by the
operation temperature in the model; thus, the performance at low current densities

is approximately the same for given temperature values.
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Figure 4.2 Simulated polarization curve of a single HTPEMFC obtained at
different operating temperatures from single flow channel.

Ohmic losses which are the linear part of the polarization curve are mainly due to
the membrane resistance; therefore, they are affected by the ionic conductivity of
the membrane. It is known that the ionic conductivity of the membrane is function
of temperature according to their proton migration mechanism. The following

relation is suggested for phosphoric acid doped PBI membranes [9],

Ke = %exp (;—ET“) (4.9)

where A is the pre-exponential factor (S m* K1), E, is the proton conducting
activation energy (J mol™®), T is the temperature (K) and R is the ideal gas constant

(3 molt K1). The PBI membrane ionic conductivities were reported as 7.2 S m™* at
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100 °C and 24.8 Sm™ at 180 °C [8]. The data are fitted to the Eq. 9, and the following

empirical relation is obtained;

6 —
. = B:88X10 exp( 3022.6) (4.10)

e T T

It can be seen that the current and power densities increase with increasing
temperature which is similar to the results reported in the literature [16, 18-20]. The
power density calculated at 0.5 V at 100 °C, 120 °C, 140 °C, 160 °C and 180 °C are
0.26 W cm,0.31 W cm2,0.35 W cm2, 0.39 W cm2and 0.42 W cm2, respectively.
The power density increase is 19% if the operation temperature is raised from 100
‘C to 120 °C; however, it is 7.6% if the temperature is increased from 160 °C to 180
°C. The temperature effect on high temperature PEMFC performance is more
pronounced at lower temperatures than at higher temperatures [20].

4.3.2. Model Validation

The polarization curves obtained for single flow channel model and triple mixed
serpentine flow channel model are compared with experimental data in Figure 4.3.
The experimental polarization data obtained by Danish Power Systems [51] were
used to validate the presented two models. Data were taken from a single cell with
an active area of 25 cm2 PBI membrane at 160 °C. Both the single flow channel and
triple mixed serpentine flow channel models predict lower current densities for the
operating voltages greater than 0.6 V. This deviation from experimental data can be
easily seen at the operating voltage of 0.7 V. Experimental data show an average
current density of 0.1 A cm at 0.7 V; however, this value is 0.07 A cm for the
single flow channel model and 0.04 A cm™ for the multiple flow channel model.
This deviation from experimental data can be explained by the activation losses
which are caused by the reaction kinetics. Better fit between the model and
experimental results can be obtained by enhancing the kinetic parameters that are
used in the model. By taking the operating voltage as 0.6 V, the predicted average
current density for both models is 0.33 A cm?, which is very close to the
experimental data 0.34 A cm. For the operating voltages less than 0.6 V, there is a

good agreement between the single flow channel model and the experimental data.
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However, the triple mixed serpentine flow channel model predicts higher current
densities than the experimental data. These deviations can be caused by the
distribution of the current density. Figure 4.4 shows the current density distribution
at 0.6 V for the triple mixed serpentine flow channel model. As it is seen in the
figure, there are some points at which the local current density has very high values.
The performance of triple mixed serpentine model does not coincide with the single
channel other than 0.6 V. The difference in the performance of models can be
explained by the difference in their flow channel geometries. In the single channel
model, the flow is considered for a small area (0.9 cm?); therefore, the concentration
of oxygen in the cathode does not change significantly. In triple mixed serpentine
geometry, the area is taken as 25 cm?, therefore the oxygen concentration varies
significantly. This difference in the concentration variation is highly pronounced
and has a negative effect on the average current density at high voltages where
Kinetic losses are important. Consideration of larger membrane area caused over
estimation of current density at low voltages where the ohmic losses become
significant. Therefore, the results of single flow channel model can be taken as a

good approximation to investigate the influence of parameters.
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Figure 4.3 Comparison of single flow channel and triple mixed serpentine flow
channel models with experimental data at 160 °C

44



0.04

0.035 [

0.03

0.025

0.02 -

0.015 |

0.01

0.005

£

-~

\

-0.005

0.005 0.01 0.015 0.02 0.025 0.03 0.035

0.04

0.045

0.055

A 227

227

220

213

= 205

= 108

190

183

176

168

161

154

146

139

132

= 124

e 117

= 109

e 102

94.7

87.4
83.7

V837

Figure 4.4 Predicted current density distribution at 160 °C and operating voltage of
0.6 V for triple mixed serpentine flow channel model

4.3.3. Transport Characteristics

The conditions that were used in the model validation section are used in order to
investigate the transport characteristics. Figure 4.5 shows the pressure variation
along the cathode and anode flow channels at 160 °C and operating voltage of 0.6
V. The pressure drop along the anode flow channels is 100 Pa and the pressure drop
along the cathode flow channels is predicted as 1950 Pa. Although the pressures at
both anode and cathode decreases, the pressure drop in the cathode compartment is
much higher when it is compared to the pressure drop in the anode compartment.
The cathode feed is composed of 21 % oxygen and 79 % inert gases; thus, the
velocity of cathode feed is about four times higher than the velocity of the anode
feed. Therefore, higher velocity in the cathode compartment caused a significant

pressure drop in the cathode compartment.
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Figure 4.5 Pressure distribution at the flow channels at 160 °C and operating
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drop)
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Figure 4.6 shows the concentration profile of the oxygen at 160 °C and operating
voltage of 0.6 V. Excess oxygen is fed to the system, since the stoichiometric ratio
is taken as 2.5. Oxygen concentration decreases from 7 to 5.8 mol m=. Figure 4.7
shows the concentration profile of the water in the cathode flow channels. Water
concentration increases from 0.05 to 2 mol m™ since the reaction is occurring in the

cathode compartment.
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6.2
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Figure 4.6 Concentration profile of the oxygen along the cathode flow channel
operating at 160 °C and 0.6 V (mol m™)
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Figure 4.7 Concentration profile of the water along the cathode flow channel
operating at 160 °C and 0.6 V (mol m™)

Anode feed is composed of 99.999 % hydrogen and 0.001 % water. The mole
fraction of the hydrogen does not change along the anode flow channel and also the
concentration of the hydrogen remains as 33.3 mol m. The insignificant change in
the concentration is attributed to the small pressure drop (100 Pa) and the purity of
hydrogen.

Three potential values were chosen at 160 °C and each generated local current
density distribution at the electrolyte was presented in Figure 4.8. As expected,
current density at 0.5 V has the highest values. Average current density on the
surface is 500 A m2; however, the local current density reaches to 800 A m at some
points. The average current density at 0.7 VV and 0.9 V are around 20 Am=2and 1.7
A m2, respectively. The concentration has a crucial role in the local current density
calculation. Thus, the highest current density is observed at the inlets. The change

in the concentration is recognizable at 0.5 V due to the consumption of the reactants;
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therefore, the variation in the local current density distribution along the flow
channels becomes apparent at that voltage. As the operating voltage decreases, non-

uniformities in the local current density distribution increase.
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4.4. Conclusion

A three-dimensional model for the high temperature PEMFC having an active area
of 25 cm? is developed. A single cell with phosphoric acid doped PBI membrane is
used in the model. The flow channel geometry is taken as triple mixed serpentine.
Steady-state, isothermal, single phase are the main assumptions for the model. The
model predicts the polarization plot, concentration profile of each species within the
system and pressure distribution. A single flow channel model is used to investigate
the effect of the operation temperature on the performance of the fuel cell. The
temperature range is taken as 100-180 °C. It is seen that increasing temperature
results in an enhancement in the cell performance. This is mainly because of the
faster reaction kinetics and higher membrane proton conductivity. The predicted
power densities at 0.5 V at 100 °C, 120 °C, 140 °C, 160 °C and 180 °C are 0.26 W
cm?, 0.31 W cm™, 0.35 W cm, 0.39 W cm™ and 0.42 W cm, respectively. The
temperature influence on high temperature PEMFC performance is more
pronounced between 100-120 °C than between 160-180 °C. The experimental data
validate both the single channel and the triple mixed serpentine flow channel models
at 0.6 V and 160 °C. The difference in performance curves were mainly caused by
the active area taken into account. Larger membrane area caused over estimation of
current density at low voltages where the ohmic losses become significant.
Therefore, the results of single flow channel model can be taken as a good
approximation to investigate the influence of parameters. The predicted current
density distribution obtained at different operating voltages show that at high
operating voltages the local current density is almost uniform; whereas, decreasing

operating voltage causes non-uniformities in the local current density.
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CHAPTER 5

5. EFFECT OF KEY PARAMETERS ON THE PERFORMANCE OF
THREE-DIMENSIONAL ISOTHERMAL MODEL

The electrochemical properties of Membrane Electrode Assembly (MEA highly
depend on the manufacturing process, especially the conditions employed during
the synthesis of the PBI membrane. The change in the proton conductivity of PBI
membrane altered the conditions used in the modeling and performance tests. In
Chapter4, the performance data of a commercial MEA produced by Danish Power
Systems has been taken into consideration for the verification of the model. In the
scope of this chapter, the change in the model results with use of PBI membrane
being developed by FCRC team is studied. Therefore, a new model is developed to
analyze HT-PEMFC in which PBI membrane having lower proton conductivity.
PBI membrane used as electrolyte in HT-PEMFC system is synthesized by Devrim
et al. [30].The experimental procedure is given in detail in Appendix C. In this
chapter the influence of flow channel geometry on the performance of HT-PEMFC
is also studied by comparing the model results of triple mixed serpentine and

serpentine flow channel geometries.

5.1. Influence of Operation Temperature on the Performance

Proton conductivities of PBI membrane were reported as 6.08 S m™ at 140 °C, 7.11
Sm?at165°C and 9.41 S m™ at 180 °C [30]. The dependence of proton conductivity
on the temperature is given by the Equation 4.9. Figure 5.1 illustrates the
temperature dependency of the data by the linear fit. The linearized form of Eqn. 4.9

IS given as;

In(x,T) =InA —

(5.1)

—-E,4
R.T
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y=-2362.7x+ 13.51
R*=0.9264
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1/T*1000 (K-1)
Figure 5.1 Temperature dependence of proton conductivity

When the data are fitted to determine the proton conductivity of PBI membrane at

different operation temperatures, the following empirical relation is obtained;

7.44 X 10° —2362.7
e = ex
T T

(5.2)

The pre-exponential factor for PBI membrane is found as 7.44 x 105 S m* K%,
whereas, the activation energy is determined to be 19.6 kJ mol* K. Figure 5.2
shows the change in the proton conductivity of commercial and developing PBI
membranes at different temperatures. The commercial membrane has higher proton
conductivity; moreover, it is highly affected by the temperature. On the other hand,
the proton conductivity of developing PBI membrane is not high. Its value is not
significantly affected by the temperature. In their study, Sezgin et al. [51]
investigated the influence of membrane proton conductivity on the performance of
the HT-PEMFC by changing the proton conductivity between 10 to 20 S m™. The
best match between the model results and experimental data was observed when the
proton conductivity is taken as 14 S m™. It can be concluded that the proton

conductivity of the electrolyte affects the performance, especially by decreasing the

52



ohmic losses and shifting the performance upwards. Therefore, proton conductivity

has an important role in the performance of HT-PEMFC.
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Figure 5.2 Proton conductivity of commercial and developing PBI membranes

Table 5.1 shows the data used in the model in order to investigate the effect of the
temperature on the performance of HT-PEMFC with developing MEA. The inlet
velocities of the anode and cathode compartments are different than the ones given
in Table 4.2, since the domain has been changed. In the current model, inlet
manifolds are also taken into account. The velocity of gases are affected by the inlet
cross-sectional area of the anode and cathode compartments, because the volumetric
flow rates are same in both models. For specified active area, which has a value of
25 cm?, the molar flow rates of the reactants and inlet volumetric flow rates are the
same since inlet conditions do not change. Different cross-sectional area yields in
difference in the inlet velocities of reactants fed to the anode and cathode

compartment.
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Table 5.1 Parameters used in the model of HT-PEMFC with developing MEA

Description 140 C 165 C 180 °C
GDL Porosity (-) 0.5 0.5 0.5

GDL Permeability (m?) 3x10%? 3x10% 3x107%?
Anode Inlet Flow Rate (mol s™) 7.71x10°  7.71x10°  7.71x10°
Cathode Inlet Flow Rate (mol s?) 3.05x10*  3.05x10*  3.05x10*
Anode Inlet Velocity (m s?) 0.832 0.882 0.913
Cathode Inlet Velocity (m s™) 3.295 3.494 3.614

Anode Viscosity ( kg m?s?) [53] 1.101x10° 1.144x10° 1.169x107
Cathode Viscosity ( kgm*s?) [53] 2.382x10° 2.465x10®° 2.545x107°

Cell Temperature (K) 413 438 453
Outlet Pressure (Pa) 1.2x10° 1.2x10° 1.2x10°
Cell Voltage (V) 0.6 0.6 0.6

02 Ref. Concentration(mol m?®)[22]  40.88 40.88 40.88
H. Ref. Concentration (mol m®)[22]  40.88 40.88 40.88
Membrane Conductivity (S m™?) 6.08 7.11 9.41

Figure 5.3 shows the polarization curves obtained by using the proton conductivity
values 6.08 S m™ at 140 °C, 7.11 S m* at 165 °C and 9.41 S m at 180 °C. For the
operation voltage larger than 0.6 V, the performance of HT-PEMFC do not affected
by operation temperature. On the other hand, the performance of HT-PEMFC differs
as the operation voltage decreases. At 180 °C, there is a substantial decrease in the
performance. The expected trend is not achieved in the current model, in which
developing MEA is used. This trend can be explained by the proton conductivity of
commercial and developing PBI membranes, since the latter is not affected by the
temperature as the commercial one. This may result in an insignificant change in the
ohmic losses, since change in the proton conductivity of the electrolyte differs
slightly. However, the difference in the performance is observed especially at higher
current densities. At this region, the mass transport limitation becomes dominating.

The maximum performance is obtained at the operation temperature of 165 °C and
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the minimum performance is obtained at 180 °C. This results can be explained by
the physical parameters used in the modeling. As the operation temperature
increases viscosity and velocity of the gases increase. At higher operation
temperatures, the cathode feed is insufficient to attain higher fuel cell performance.

This results in a decrease in the fuel cell performance at 180 °C.
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0.85
—e- - 165 oC

0.8
. --o--180 oC

0.75

YVoltage (V)
=

= S, O

on o tn X

0.55
0.5 LRLY

045 '-,\‘ \
0.4 »

.
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Current Density (A/cm2)

Figure 5.3 Polarization curve of models obtained for different operation
temperatures for triple mixed serpentine models at 1.2 bar

Figure 5.4, Figure 5.5 and Figure 5.6 shows the pressure variation along cathode
flow channels at the operation voltage 0.6 V. The pressure drop values are
determined as 6007 Pa, 6383 Pa and 6065 Pa at 140 °C, 165 °C and 180 °C,
respectively. Although the pressure drop increases as the operation temperature is
increased from 140 °C to 165 °C, there is a decrease in the pressure drop when the
operation temperature is increased from 165 °C to 180 °C. These pressure drop

values directly affect the fuel cell performance as it is seen from Figure 5.3.
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Figure 5.4 Pressure profile along cathode flow channels at V=0.6 V and 1.2 bar
backpressure at 140 °C
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Figure 5.5 Pressure profile along cathode flow channels at VV=0.6 V and 1.2 bar
backpressure at 165 °C
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Figure 5.6 Pressure profile along cathode flow channels at V=0.6 V and 1.2 bar
backpressure at 180 °C

5.2. Influence of Operation Pressure on the Performance

Effect of operation pressure on the fuel cell performance is investigated for triple
mixed serpentine model at the operation temperature of 165 °C. Figure 5.7 shows
the performance of triple mixed serpentine model at different operation pressures,
which are 1.2 bar, 2 bar and 3 bar. These values are defined as the outlet pressure of
anode and cathode flow channels. Pressure is directly related to the concentration of
the reactants since ideal gas assumption is employed for the system. Increasing
pressure results in higher concentration of reactants, which directly effects the
concentration terms in the Butler-Volmer equation.
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Figure 5.7 Polarization curve obtained at different operation pressures at 165 °C

5.3. Pressure and Concentration Profiles at Different Operation Voltages

Figure 5.8, Figure 5.9 and Figure 5.10 depict the change in the pressure along the
cathode flow channels at different operation voltages. It is concluded that as the
operation voltage decreases, the pressure drop along the flow channels increases. AP
values for the cathode side is determined as 6414 Pa, 6383 Pa and 6260 Pa at 0.4 V,
0.6 V and 0.8 V, respectively. As the operation voltage decreases more oxygen is
consumed. Half mole of oxygen produce one mole of water; therefore, total molar
flow rate increases. Consecutively, the volumetric flow rate increases with the
increasing number of moles. Higher volumetric flow rates yields in higher velocities
along the flow channels. The pressure drop increases as the velocity of gases
increases. This situation takes place especially when the operation voltage
decreases, since the amount of consumed oxygen is proportional to the current and
inversely proportional to the operation voltage. Therefore, decreasing operation

voltage increases the pressure drop along the flow channels.
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Figure 5.8 Pressure profile along the cathode flow channels at 165 °C, 0.8 V and
1.2 bar (absolute, Pa)
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Figure 5.9 Pressure profile along the cathode flow channels at 165 °C, 0.6 V and
1.2 bar (absolute, Pa)
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Figure 5.10 Pressure profile along the cathode flow channels at 165 °C, 0.4 V and
1.2 bar (absolute, Pa)

Change of oxygen concentration along the cathode flow channels at different
operating voltages can be seen from Figure 5.11, Figure 5.12 and Figure 5.13. The
rapid decrease in the concentration at 0.4 V is because of high current density at the
inlet region. The change in the concentration is smoother when it is compared with
the 0.4 V, since the average and local current density values at the inlet region is
much more less. There is a steady decrease in the concentration along the flow
channels at 0.8 V. The concentration change is not significant at 0.8 V, since the
amount of reacted gas is less compared to the lower operation voltages resulting in

an insignificant difference between inlet and outlet concentrations.
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Figure 5.11 Oxygen concentration along cathode flow channels 0.4 V and 1.2 bar
backpressure (mol m3)
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Figure 5.12 Oxygen concentration along cathode flow channels at 0.6 V and 1.2
bar backpressure (mol m)
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Figure 5.13 Oxygen concentration along cathode flow channels at 0.8 VV and 1.2
bar backpressure (mol m=)

The current density distributions at different operating voltages are given in Figure
5.14, Figure 5.15 and Figure 5.16. The current density distribution at high operating
voltages is almost uniform; on the other hand, there is a continuous change in the
current density at 0.6 V along the flow channels. The red part, which is the highest
current density region, corresponds to the anode and cathode inlet. The decrease in
the current density is due to the decrease in the concentration of species. Reactants
are consumed very fast due to the higher current density at 0.4 V; however, the
drastic decrease in the reactant concentration yields in lower current density and

non-uniform distribution along the channels.
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Figure 5.14 Membrane current density distribution at 165 °C, 1.2 bar and 0.4 V (A
cm)
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Figure 5.15 Membrane current density distribution at 165 °C, 1.2 bar and 0.6 V (A
cm)
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Figure 5.16 Membrane current density distribution at 165 °C, 1.2 bar and 0.8 V (A
cm?)

5.4. Influence of Flow Channel Geometry on the Performance

In order to observe the effect of flow channel geometry on the fuel cell performance,
two HT-PEMFC models having an active area of 25 cm? are built. The flow channel
geometries are determined as triple mixed serpentine and serpentine. Figure 5.17
illustrates the comparison of the performances of the fuel cell models with triple
mixed serpentine and serpentine flow channel. It is seen that the performances of
both cells do not differ significantly at high operation voltages; on the other hand,
the performance of serpentine model gives higher current density at low operation
voltages compared to the triple mixed serpentine. The concentrations of reactant
gases in triple mixed serpentine are not sufficient especially at higher current
densities, resulting in a drastic drop in the performance.
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Figure 5.17 Polarization curve for triple mixed serpentine and serpentine models at
1.2 bar and 165 °C

5.5. Model Results of Serpentine Flow Channel

Figure 5.18 reveals the comparison of experimental data with model results of
serpentine flow channel geometry. As it is seen this figure, serpentine flow channel
model results gives better match with the experimental data [51]. Therefore,
serpentine flow channel model can be taken as a good approximation for the
performance of HT-PEMFC with commercial MEA.
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Figure 5.18 Comparison of serpentine model results with experimental data at 165
°C

Figure 5.19 shows the change in the pressure along the cathode flow channels. The
pressure drop at the cathode compartment is found as 925 Pa. The pressure drop for
the triple mixed serpentine flow channel geometry is approximately 6383 Pa with
same molar flow rate. The lower pressure drop in the serpentine flow channel
geometry is mainly caused by the lower velocity of gases. Volumetric flow rate of
inlet gas streams are the same both for triple mixed serpentine and serpentine flow
channel geometries, since the inlet conditions such as temperature and pressure are
the same. Therefore, the inlet velocity of the anode and cathode compartments are
calculated by dividing the volumetric flow rate of reactants to the cross-sectional
area of the flow channels. In the triple mixed serpentine model, the inlet velocity is
much higher than the serpentine model. Moreover, shorter path is followed in
serpentine flow channel geometry compared to triple mixed serpentine. Both higher
velocity and longer path yield in higher pressure drop in triple mixed serpentine flow

channel geometry.
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Figure 5.19 Pressure profile along cathode flow channel at 0.6 V and 165 °C for
serpentine flow channel geometry (Pa)

The concentration profile of oxygen along cathode flow channels are given in Figure
5.20. Asit is seen, the concentration decreases along the cathode flow channels from
3.84 mol m to 1.31 mol m™. Oxygen concentration decreases from flow channels

to catalyst layer due to the diffusion of species through a porous media.
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Figure 5.20 Concentration profile of oxygen at 165 °C and 0.6 V for serpentine
flow channel geometry (mol m)

Figure 5.21 shows the membrane current density distribution at 165 °C and 0.6 V
for serpentine flow channel geometry. The current density attains its maximum
value at the inlet, and it continuously decreases along the flow channels. This is

mainly because of decrease in the concentration of the reactants due to the reaction.
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Figure 5.21 Membrane current density distribution at 165 °C and 0.6 V for
serpentine flow channel geometry (A cm™)

Figure 5.22 illustrates the membrane current density distribution obtained at the
operation temperature of 165 °C for serpentine flow channel geometry at different
operation voltages. There is a uniform current density distribution at 0.8 V with
lower current density values compared to the 0.6 V. On the other hand, non-
uniformities is observed in the current density distribution at 0.4 V due to the
consumption of the reactants. The current density at the inlet part is 1.9 A cm?,
whereas, this value decreases down to 0.07 A cm™ at the outlet. This difference is
mainly because of the drastic decrease in the concentration of reactants. It is seen
that the current density is higher under the flow channels when it is compared with
the ribs. This is mainly because of the diffusion of components from flow channels
through the GDL.
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Figure 5.22 Membrane current density distribution at 165 °C for serpentine flow

channel geometry (a) 0.4 V, (b) 0.8 V (A cm™)
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CHAPTER 6

6. THREE-DIMENSIONAL NON-ISOTHERMAL MODEL

In this chapter, a non-isothermal three-dimensional model is developed in order to
obtain the temperature profile in HT-PEMFC. The temperature increase in a single
cell is less than 1 °C according to the model results. For the operation voltages of
0.6 V and 0.45 V, the average current density values are determined as 0.224 A cm-
2 and 0.313 A cm-2, respectively. Figure 6.1 shows the temperature difference in
single cell when the operation voltage is taken as 0.6 V. Figure 6.2 shows the
temperature difference in single cell when the operation voltage is taken as 0.45 V.
It is seen than at the operation voltage of 0.6 V the maximum temperature difference
is 0.18 °C, whereas this value increases to 0.31 °C at 0.45 V. In their study, Samsun
et al. [34] developed a model for a 5 kW fuel cell system working with reformate
gas. Their simulation results reveals that the effluent temperature of both anode and
cathode compartments attain 160 °C, when the inlet temperatures of anode and
cathode reactants are taken as 151 and 160 °C, respectively. In addition, in their
mathematical model having an active area of 200 cm? Kvesic et al. [46] found that
the temperature difference does not exceed 10 °C. For the current density of 0.3 A
cm?, the temperature difference is found to be approximately 2 °C, whereas this
value increases to 5 °C for 0.6 A cm2. Luke et al. [32] found the temperature gradient
to be approximately 3 °C at 0.4 A cm for a 200 cm? HT-PEMFC modeled with
cooling. The temperature difference decreases with increasing amount of coolant.
Taking into account the active area; thus the evolved heat within the system, the

results agree reasonably well.
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Figure 6.1 Temperature difference in a single cell, inlet reactant temperature is at
165 °C for V=0.60 V (K)
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Figure 6.2 Temperature difference in a single cell, inlet reactant temperature is at
165 °C for V=0.45 V (K)
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Figure 6.3 reveals the model results as temperature isocontours at 0.6 VV and 0.45 V.
The temperature attains its maximum value at the outlets, whereas it is 165 °C at the
channel inlets. As it is expected, temperature gradient is larger at 0.45 V, since the
current density increases with decreasing operation voltage. Increase in the current
raises value of the generation term in the conservation of energy. When the anode
and cathode inlets are compared, cathode inlet and its surrounding has higher

temperature gradient, since the cathode compartment dominates the reaction.

73



al.17

-0.17

0.16

0.15

~0.14

=012

=028

=0.26

~0.24

~10.22

%

7

¢

%
L
\

i

7
o
v

Figure 6.3 Temperature isocontours on the cell with inlet reactant temperature 165
°C, at different operation voltages (a) 0.6 V, (b) 0.45 V (K)
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Figure 6.4 shows the pressure profile along cathode flow channels at 0.6 V with inlet
reactant temperature of 165 °C. The pressure drop in isothermal model is
approximately 6400 Pa; on the other hand, it increases to 6500 Pa in the non-

isothermal model.
46500

x10°

0
v 0

Figure 6.4 Pressure drop along the cathode flow channels with inlet reactant
temperature of 165 °C and 0.6 V (Pa)

Figure 6.5 reveals the membrane current density distribution at 0.6 V with the inlet
reactant temperature of 165 °C. Same trend as the isothermal model is observed in
the non-isothermal model, which is current density is maximum around the inlet
manifold of the cathode compartment. However, in the non-isothermal case the
current density distribution is more uniform when it is compared with the isothermal

model results given in Figure 5.15.
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Figure 6.5 Membrane current density distribution at 0.6 V with inlet reactant

temperature of 165 °C (A cm™)
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CHAPTER 7

7. CONCLUSION AND RECOMMENDATIONS

In the scope of this study, three-dimensional mathematical models of HT-PEMFC
are developed both for isothermal and non-isothermal operations. Modeling is an
important tool especially in the design of a system, since it elaborates the system
behavior in shorter time period compared to the experiments. Moreover, low cost
and future predictability are the other advantages of modeling. With an appropriate
model, one can easily determine the response of the system to the possible variations
in the operation conditions.

The proton conductivities of the PBI membrane is taken from Danish Power
Systems to investigate the effect of operation temperature in the temperature range
of 100-180 °C. It is concluded that higher operation temperature enhances the fuel
cell performance because of faster reaction kinetics and higher membrane proton
conductivity. The effect of temperature is more pronounced between 100-120 °C
when it is compared with 160-180 °C. Influence of the flow channel geometry on
the HT-PEMFC performance is also investigated. It is seen that power density of the
serpentine flow channel geometry is higher than the triple mixed serpentine model.
The difference between the performances is more pronounced at high current
densities. Membrane current density distribution is obtained for 0.4, 0.6 and 0.8 V
at 165 °C. It is seen that the current density is non-uniform at lower operation
voltages because of higher reactant consumption. As the consumption increases, the
concentration of the reactants decreases, which affect the current density obtained
by using Butler-Volmer equation. On the other hand, the current density is almost
uniform at 0.8 V, since the amount of reacted gases does not change significantly.
In addition, influence of the operation pressure is also studied. Higher operation

pressure enhances the performance of HT-PEMFC. The pressure drop in the cathode
77



flow channels obtained at 140 and 165 °C is found to be 6020 Pa and 6397 Pa,
respectively. Higher operation temperature causes higher pressure drop due to the

increased velocity of gases and higher viscosities.

A non-isothermal three-dimensional model is developed for triple mixed serpentine
flow channel geometry. The inlet temperature of anode and cathode reactants is
taken as 165 °C. The models are simulated at two operation voltages 0.6 V and 0.45
V in order to observe the effect of voltage on the temperature profile along a single
cell. Higher temperature gradient is observed at the operation voltage of 0.45 V,
since the current density increases with decreasing operation voltage. The current
density is directly related to the generation term within the conservation of energy.
Increasing current density yields in higher generation. However, the difference
between the maximum temperature and the inlet is 0.18 °C and 0.31 °C at 0.6 V and
0.45 V, respectively. Since the temperature does not change significantly,

isothermal assumption can be used in the modeling of single HT-PEMFC.

In future studies, modeling of multiple cells with cooling channels should be
developed in order to design the appropriate cooling strategy such as flow channel
geometry of cooling plates, influence of co-flow and counter-flow of coolant.
Moreover, it would be possible to determine whether the temperature is uniform in
each cell or not by a short stack model. Moreover, acid leaching is not taken into
consideration in this study. The model could be improved with a relation between

acid leaching and proton conductivity.
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APPENDIX A

PHYSICS IN COMSOL MULTIPHYSICS FOR THE MODELS

The definitions used in Comsol Multiphysics are given Figure A.1. The domains
drawn in geometry section are referred as specific components of the system by

using “Definition” section in the Model Builder.

Model Builder
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4 = Definitions
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@. Results

Figure A.1 Definitions used in Comsol Multiphysics
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The items used in drawing of the model geometry are available in Figure A.2. MEA
is drawn by using blocks; on the other hand, in the drawing of flow channel

geometry extrude command is employed.

Model Builder
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Figure A.2 Items used in geometry section
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Secondary current distribution is the physics used in the determination of the charge
transport. The boundary conditions used in secondary current distribution is

available in the Figure A.3.
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Figure A.3 Initial and boundary conditions employed in secondary current
distribution
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Reacting flow in porous media is the physics used in the modeling of mass and
momentum transport. The boundary conditions used in reacting flow in porous
media is illustrated in Figure A.4.
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Figure A.4 Initial and boundary conditions employed in reacting flow in porous
media
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Study tool is used in the solution of governing equations. For steady-state problems,
stationary solver is employed. The tabs in the study tool can be shown in Figure A.5.

Direct solver utilizes LU decomposition method in the solution algoritm.
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Figure A.5 Tabs used in study tool
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Results tool is used to obtain 1D, 2D and 3D plots of parameters defined in the

equations. In Figure A.6, results tool used in Comsol Multiphysics is shown.
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Figure A.6 Results tool in Comsol Multiphysics
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Heat Transfer in Porous Media physics is added to the model in order to take into
account the conservation of energy for the entire domain. The initial and boundary

conditions in this physics are given in Figure A.7
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Figure A.7 Initial and boundary conditions in heat transfer in porous media
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APPENDIX B

COMPUTER SPECIFICATIONS

Brand/Model Information

Dell XPS 8700

Processor Specifications

Processor

Intel

Processor Cache

8 MB

Processor Speed

4.00 GHz

Processor Model

Intel Core i7-4790
Processor Type

4. Generation Intel Core i7

Operating System

Licensed
Windows 8.1 64-Bit

Display Card

Display Card Memory
4GB

Display Card Model
nVidia GeForce GTX 745
Display Card Type
External Display Card
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Memory Properties

Memory Frequency
1600Mhz

Memory Capacity
16GB

Memory Type
DDR3

Memory Bank

4 Slot

Disk Properties

Disk Speed
7200 rpm
Disk Capacity
2TB

Disk Type
SATA

Extension Slot Properties

PCI

Mini-PCle : 2 Slot

PCI Express x1

PCle x1: 2 slot

PCI Express x16

PCle x16 (Graphics): 1 slot

Link Properties

Bluetooth

Yes

Display Output
VGA, HDMI
Ethernet
10/100/1000
Wireless Card

Dell Wireless 1703
Card Reader

96



Yes

Other Properties

Keyboard & Mouse

Dell KM632 Wireless Mouse and Keyboard
Optical Reader

Yes

Power Supply

460W up to 85 Efficient
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APPENDIX C

EXPERIMENTAL METHODS

Membrane Electrode Assembly Preparation

The electrodes having an active surface area of 25 cm2 were prepared by using the
ultrasonic spraying machine, Sonotec Exactacoat. The catalytic ink is sprayed over
the entire active area of the microporous layer of the GDL. Platinum loadings on
anode/cathode were 1.5/1.5 mg/cm? for Pt/C. In the preparation of the MEA,
commercial PBI membrane produced by Danish Power Systems, Dapozol®, was
used. Acid doping of the membrane was achieved by immersing the membrane in
85% phosphoric acid for an hour at a temperature of 40 °C. Acid doping level of the
membrane, which is defined as the number of moles of phosphoric acid per repeated
unit of PBI, was 10. This value was sufficient to provide phosphoric acid from
membrane to catalyst layer by diffusion. Hot-pressing is used in assembling of the
electrodes and the membrane. The hot-press is performed at the temperature of 200
°C and pressure of 4 MPa for 3 minutes. The conductivity measurements were

performed with four-probe conductivity cell under air with no humidification [51].

HT-PEMFC Performance Tests

The performance tests are performed by using a single cell with an active area of 25
cm?. The bipolar plates are made of graphite material with serpentine flow channel
geometry. The inlet flow rates of anode and cathode feeds were 0.14 and 0.55 slpm,
respectively. This value corresponds to 1.5 and 2.5 stoichiometric ratios for anode
and cathode, respectively. Attaining steady-state operation, current-voltage data is
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taken starting from OCV. For each data point the load is changed. Figure C.1 shows

the test station where performance tests are performed.

,,,,,

Figure C.1 A photograph of the test station used by Danish Power Systems
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APPENDIX D

COMPUTATIONAL DOMAIN AND MESHING

The domain used in Comsol Multiphysics consist of gas flow channels, GDL for
anode and cathode compartments and the electrolyte as shown in the previous
chapters including model development. Meshing applied to the computational
domains for triple mixed serpentine and serpentine flow channel geometries are
different due to the dissimilarities in their geometry. The triple mixed serpentine
model consists of 1283045 elements with minimum quality 1.272E-5 and with an
average quality of 0.5953. The meshed computational domain for triple mixed
serpentine is given in Figure D.1. There are 1281735 tetrahedral elements, 1310
pyramid elements, 398347 triangular elements, 41082 edge elements and 784 vertex

elements within the system.
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Figure D.1 Meshed computational domain for triple mixed serpentine model

The serpentine model consists of 1550773 elements with minimum quality 1.324E-
5 and with an average quality of 0.606. The meshed computational domain for
serpentine flow channel geometry is given in Figure D.2. There are 1549679

tetrahedral elements, 1094 pyramid elements, 447852 triangular elements, 38409
edge elements and 902 vertex elements within the system.
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Figure D.2 Meshed computational domain for serpentine model

The solvers used in the solution of the mathematical models is based on “Direct”
methods, which uses Lower Upper (LU) decomposition method for the matrices.
Direct methods have several solver such as MUMPS, PARDISO and SPOOLES.
PARDISO and SPOOLES sparse direct linear solver running in parallel, whereas
MUMPS takes the advantage of shared memory parallelism. MUMPS and
PARDISO solvers benefit from available disk space to solve large models not fitting
in the available memory. Cluster computing is supported by MUMPS solver. There
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is no need for large amount of RAM for direct solvers; however, MUMPS and
PARDISO have the property of storing the solution out-of-core. In other words, a
part of the problem can be offloaded onto the hard disk. For the finite element
problems, the main advantage of these solvers is to obtain the same answer for the
well-conditioned ones. For this reason, it does not differ which solver is chosen. The
difference between the solvers is their relative speed. Therefore, in this study

MUMPS solver is used for the solution of finite element problem [66].
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