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ABSTRACT

In the past decade renewable energies have increasingly become a commodity in
everyday life. Because of their high power densities and their application versatility, fuel
cells have stood out among other sources of renewable energy. In order to improve this
technology as the needs for it increases, thermal modeling is an essential step.
Researchers in the past have investigated the effect that temperature has on fuel cells.
However, not much work has been done on the thermal dynamics of these devices and no
one, to the authors knowledge, has studied the speed of response in thermal changes as a
function of stack size, current demand or mass flow rate of air.

This research presents a one-dimensional lumped model for an open cathode
polymer electrolyte fuel cell. This study analyzes the contribution of all the heat sources
traditionally involved in the thermal study of fuel cells, and determines simplifications
that have not been identified previously in the literature. Moreover, this work presents an
analysis of open cathode fuel cells by comparing the fuel cell stack to a heat exchanger.
This analogy provides researchers with a tool to evaluate heat dissipation in air breathing
fuel cells without having to develop a complicated electrochemical model that would
have to account for mass transport phenomena. Finally, this analysis studies both the
steady state and transient thermal distribution in the fuel cell stack and how this
distribution is affected by stack size, operation current and mass flow rate of air flowing

though the cathode/cooling channels.
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1. INTRODUCTION

1.1 MOTIVATION

For the past 200 years industry has heavily relied on the use of fossil fuels. It was
not until the 1970s that the aftermath of this excessive use of fossil fuels started to
concern the general public. Ever since, the scientific community has been researching
alternative ways to provide energy while reducing or completely eliminating greenhouse
gas (GHG) emissions. In 1997, the United Nations came to an agreement known as the
Kyoto Protocol. The most outstanding characteristic of the Kyoto protocol is that it sets
constraints to 37 industrialized countries and the European community for reducing GHG
emissions to an average of 5% of 1990 levels over the 5 year-period 2008-2012 [1]. The
protocol entered into force in 2001. These imposed restrictions have been the main
driving force behind the boom of research in renewable energies such as solar, wind,
geothermal, nuclear, batteries, fuel cells, etc. Due to the higher power density, scaling,
economical affordability, safety measures and resource availability that fuel cells offer in
comparison to other renewable energy options, this research concentrates on fuel cells.
More specifically, this research focuses on the thermal modeling of fuel cell which is a

key determining factor for their durability and efficiency.

1.2 FUEL CELL OPERATION
Fuel cells are electrochemical devices that convert the chemical energy of a
reaction directly into electrical energy. The hydrogen combustion reaction is split into
two electrochemical reactions
H,=2H"+2¢ (1)
1 . _
EOZ+2H +2¢e =H,0 )
When these two reactions are physically separated, the electrons from the

hydrogen can be conducted to a load through an electric circuit before completing the

reaction. The electrodes (anode and cathode) in which the reactions take place are



separated by an electrolyte that allows ions, but not electrons to flow through

shows the schematic of the basic unit of a fuel cell.
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Figure 1.1. Schematic of an single cell fuel cell [2].

. Figure 1.1

By stacking multiple units together, fuel cells of different power capabilities can

be configured. As Figure 1.1 shows, in a typical fuel cell fuel (generally hydrogen) and

oxidant are continuously fed into the anode and cathode, respectively. For this reason,

fuel cells are often compared to combustion engines. However, since fuel cells convert

chemical energy into electrical energy, they are more efficient than combustion engines.

Also, fuel cells have no moving parts, this making them a more reliable and longer

lasting system than a combustion engine. Moreover, fuel cells do not emit undesirable

gases, such as NOy, SOy or particulates. Also, due to their components and

characteristics, fuel cells can also be compared to batteries. However, while fuel cell’s

capacity is determined by the amount of fuel supplied, batteries act like a reservoir only



containing as much energy as chemical reactant can be stored in it. After the battery is
discharged, it has to be connected to another power supply in order for it to be useful
again. Fuel cells have a highly scalable design, which makes them suitable as electrical
generators in large power plants or buildings. They are also widely used for mobile
applications such as in the automotive industry, laptops or smaller electronics such as cell
phones.

There are multiple types of fuel cells that are characterized by the combination of
types of fuel and oxidant they utilize, fuel reforming capabilities, the type of electrolyte,
the operating temperature, whether the reactants are fed to the cell by internal or external
manifolds, etc. However, the most common fuel cell classification is by type of
electrolyte: polymer electrolyte membrane fuel cell (PEMFC), alkaline fuel cell (AFC),
phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide
fuel cell (SOFC) [2]. The operating temperatures of these different types of fuel cells
range from ~80°C (PEMFC) to 1000°C (SOFC). The fuel cell operating temperature is a
key factor for the operating life of the fuel cell. The fuel cell temperature will affect the
degradation of the electrodes and electrolyte, as well as the rate at which the chemical
reaction will be converted to electrical power. This thesis focuses on the importance of
the thermal modeling of these fuel cell systems.

The PEMFCs are the most commonly used fuel cells for every-day-use
applications because of their low operating temperature. For that reason they have also
been a main research focus for years. The PEMFCs use a thin polymer membrane as
electrolyte to conduct ions. Moreover, PEMFCs have to be fed pure hydrogen and will
use either pure oxygen or air as the oxidant. The material used for the membrane in the
majority of PEMFCs is Nafion®. In order to promote the transfer of electrons, this

membrane has to be properly hydrated. Nafion® membranes are characterized by having

a polytetrafluoroethylene structure bonded to sulfonic acid (SO;H*) chains that provide

charge sites for proton transport [3]. When sufficient water exists in the membrane, ionic
conduction in the membrane behaves in a similar way to that in a liquid electrolyte.
Water in the fuel cell is constantly being created by the electro-chemical reaction. On the
other hand, at high temperatures water will also be constantly evaporated. Flooding and

dehydration will limit the longevity of the membrane and the fuel cell. Therefore, water



management is another key factor for the proper functionality of the cell. As it can be
seen, water and temperature management are very tightly linked together. Both factors
not only affect the durability of the fuel cell, but also the reaction rate, which determines

the fuel cell efficiency.



2. LITERATURE REVIEW

In the 1990s several one dimensional models were published [4-7], but these
models do not model any cooling mechanism. Amphlett et al. [5] developed a dynamic
cell stack model; however, like [4, 6, 7], the temperature distribution through the stack
was not studied. In 2000, R.F. Mann et al. [8] and N. Djilali et al. [9] developed more
complicated one dimensional fuel cell models. These models described only steady-state
temperature characteristics. Later,Yang et al. [10] presented a complete three
dimensional CFD thermal model and experimental validation of their results. However,
the experimental validation provided does not include the temperature distribution
throughout the stack. Instead, the validation is only done through the fuel cell
polarization curve at different operating temperatures. Later, more detailed models that
incorporated more layers in the fuel cell were published [11-13]. Xue et al. [12] provided
experimental validation; however, the empirical data only provided insight of the reactant
flow rates, and membrane current and voltage. During this time [11 and 13] major
advances were achieved in the study of water throughout the membrane and how it was
affected by temperature changes. As it can be seen, the literature regarding fuel cell
modeling before 2008 [14-20] does not show any major steps in the study of temperature
effects or management within a fuel cell stack References [14-19] validate focus their
thermal modeling through observations of the polarization curve. However, no real
insight of the temperature distribution within the stack was obtained. Spiegel [20]
developed an FEA model that divided the fuel cell into layers, each layer representing a
finite element. The analysis then proceeded through an energy balance. However, the
analysis does not include thermal contact resistance between the materials and combines
the energy balance between layers and their heat transfer through conduction. Spiegel
[20] only validated her results based off of the data obtained through the polarization
curve. Gao and Blunier [21] developed a thermal model, similar to [20], and studied the
temperature distribution in the fuel cell stack and its evolution in time for different
current inputs. However, neither of these models included thermal contact resistances,

which is crucial for correct thermal modeling.



Fuel cell research has led to a new generation of PEM fuel cells which incorporate
an air cooling system to the oxidant feeding channels. This new configuration presents
noticeable advantages in the fuel cell industry such as the elimination of an independent
supply for pure oxygen making fuel cells more suitable for portable applications. Rajani
et al. [22] developed a two-dimensional steady-state non-isothermal model for these types
of fuel cells. Sasmito et al. [23] developed a two-phase mathematical model that
concentrated on the flow-field of forced air through the stack cooling channels and its
effect on the stack performance. O’Hayre et al. [24] studied a one-dimensional, non-
isothermal model that combined heat and mass transport in a air-breathing natural
convection PEM fuel cell. Momer et al. [25] studied the effect of temperature on
humidity for air-breathing fuel cells. Lister et al. [26] developed a three-dimensional
thermal model for microstructured air-breathing fuel cells using finite difference

methods.

2.1 RESEARCH CONTRIBUTION

The model presented in this research is a detailed thermal model of a PEM fuel
cell stack based on first principles that uses thermal contact resistances to calculate the
heat transferred between the different fuel cell layers. The analysis of this model will
answer some questions not yet addressed in the literature. This work clearly establishes
the relationship between the different contributions to the heat generation in the fuel cell
to the current drawn. Also, the model mathematically analyzes all elements traditionally
involved in the energy balance of the fuel cell and reveals some simplifications that have
not examined before. The work presented in this thesis also offers a new perspective to
the analysis of open cathode fuel cells by comparing the stack to a heat exchanger. This
comparison provides researchers and designers with a tool to quickly evaluate heat
dissipation in the fuel cell stack. The analysis carried out in this work studies in detail the
speed of response of the system’s temperature to different inputs. This analysis will help
in the design of controllers for these fuel cell systems by providing a better understanding

of their dynamics to the scientific community.



PAPER

I. Thermal Modeling and Analysis of Polymer Electrolyte Membrane Open
Cathode Fuel Cells

Blanca Ollero-Loranca Dr. Robert Landers
Missouri University of Science and Missouri University of Science and
Technology Technology
Rolla, Missouri Rolla, Missouri
both5@mst.edu landersr@mst.edu
Abstract

In the past decade renewable energies have increasingly become a commaodity in
everyday life. Because of their high power densities and their application versatility, fuel
cells have stood out among other sources of renewable energy. In order to improve this
technology as the needs for it increases, accurate thermal modeling is essential.
Researchers in the past have investigated the effect that temperature has on fuel cell
performance. However, not much work has been done on the analysis of the thermal
dynamics of these devices and no one, to the authors’ knowledge, has studied the speed
of response in thermal changes as a function of stack size, current demand and air mass

flow rate.

This paper presents a one-dimensional lumped model for an open cathode
polymer electrolyte fuel cell. This study analyzes the contribution of all of the heat
sources traditionally involved in the thermal study of fuel cells, and determines
simplifications that have not been identified previously in the literature. Moreover, this
work presents an analysis of open cathode fuel cells by comparing the fuel cell stack to a
heat exchanger. This analogy provides researchers with a tool to evaluate heat
dissipation in air breathing fuel cells without having to develop a complicated
electrochemical model that would have to account for mass transport phenomena.

Finally, this analysis studies both the steady state and transient thermal distribution in the



fuel cell stack and how this distribution is affected by stack size, operation current and
mass flow rate of air flowing though the cathode/cooling channels.

1 Introduction

In 1997, the United Nations came to an agreement known as the Kyoto Protocol
in which the participating countries committed to reduce their greenhouse gas emissions
by 5% by 2012. These imposed restrictions have been the main driving force behind the
boom of research in renewable energies such as solar, wind, geothermal, nuclear,
batteries, fuel cells, etc. Due to higher power density, scaling, resource availability and
the non-existence of toxic biproducts that fuel cells offer in comparison to other
renewable energy options, fuel cells have received substantial focus in the literature. The
research conducted in this paper focuses on the thermal modeling of fuel cells, which is a

key determining factor for their durability and efficiency.

Fuel cells are electrochemical devices that convert the chemical energy of a
reaction directly into electrical energy. The hydrogen combustion reaction is split into

two electrochemical reactions
H, =2H"*+2e (1)

%OZ+2H*+2e\:‘HZO (2)
When these two reactions are physically separated, the electrons from the hydrogen can
be conducted to a load through an electric circuit before completing the reaction. The
electrodes (anode and cathode) in which the reactions take place are separated by an
electrolyte that allows ions, but not electrons to flow through.

There are multiple types of fuel cells that are characterized by the combination of
the types of fuel and oxidant they utilize, fuel reforming capabilities, type of electrolyte,
operating temperature, whether the reactants are fed to the cell by internal or external
manifolds, etc. However, this paper concentrates on Polymer Electrolyte Membrane Fuel
Cells (PEMFC) as they are very common due to their low operating temperature (~80°C).

The fuel cell operating temperature is a key factor for the operating life of the fuel cell.



The fuel cell temperature will affect the degradation of the electrodes and electrolyte, as
well as the rate at which the chemical reaction will be converted to electrical power. This
paper focuses on the thermal modeling of PEM fuel cells.

The PEMFCs use a thin polymer membrane as electrolyte to conduct ions.
Moreover, PEMFCs have to be fed pure hydrogen and will use either pure oxygen or air
as the oxidant. The material used for the membrane in the majority of PEMFCs is
Nafion®. In order to promote the transfer of electrons, this membrane has to be properly
hydrated. Water in the fuel cell is constantly being created by the electro-chemical
reaction. On the other hand, at high temperatures water will be constantly evaporated.
Flooding and dehydration will limit the longevity of the membrane and, thus, the fuel
cell. Therefore, water management is another key factor for proper fuel cell
functionality. As it can be seen, water and temperature management are very tightly
linked together. Both factors not only affect fuel cell durability, but also the reaction rate,
which determines fuel cell efficiency.

In order to control the fuel cell temperature to obtain optimal water activity and
overall efficiency, modeling is the first step. Many fuel cell thermal models have been
developed. Most of these models only focus on the static behavior of the fuel cell
temperature or the dynamic behavior of the membrane. The fuel cell thermal models
developed so far incorporate lumped energy equations. However, many of these models
do not provide the temperature distribution throughout the stack. Instead, many of the
models in the literature show the effects of the operating temperature on the stack
performance.

In the 1990s several one dimensional models were published [1-4], but these
models do not include a cooling mechanism. Amphlett et al. [2] developed a dynamic
cell stack model; however, similar to [1, 3, 4], the temperature distribution through the
stack was not studied. In 2000, Mann et al. [5] and Djilali et al. [6] developed more
complicated one dimensional fuel cell models that only described steady-state
temperature characteristics. Later, Yang et al. [7] presented a complete three dimensional
CFD thermal model and experimental validation of their results. However, the
experimental validation provided does not include the temperature distribution

throughout the stack. Instead, the validation is only done through the fuel cell
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polarization curve at different operating temperatures. Later, more detailed fuel cell
systems thermal models that include more components in the fuel cell stack were
developed [8-10]. Xue et al. [9] provided experimental validation; however, the
empirical data only provided insight of the reactant flow rates, and membrane current and
voltage. During this time major advances were achieved in the study of water
concentration in the membrane and how it was affected by temperature changes [8, 10].
The work in [11-16] only validate their thermal fuel cell models through observations of
the polarization curve. However, no insight of the temperature distribution within the
stack was obtained. Spiegel [17] developed an FEA model that divided the fuel cell into
layers, each layer representing an element. The analysis then proceeded through an
energy balance. However, the analysis does not include thermal contact resistance
between the materials and combines the energy balance between layers and their heat
transfer through conduction. Spiegel [17] only validated her results based off of the data
obtained through the polarization curve. Gao and Blunier [18] developed a thermal
model, similar to [17], and studied the temperature distribution in the fuel cell stack and
its evolution in time for different current inputs. However, neither of these models
included thermal contact resistances, which is crucial for correct thermal modeling.

Fuel cell research has led to a new generation of PEM fuel cells which incorporate
an air cooling system to the oxidant feeding channels. This new configuration presents
noticeable advantages in the fuel cell industry such as the elimination of an independent
supply for pure oxygen making fuel cells more suitable for portable applications. Rajani
et al. [19] developed a two-dimensional steady-state non-isothermal model for these types
of fuel cells. Sasmito et al. [20] developed a two-phase mathematical model that
concentrated on the flow-field of forced air through the stack cooling channels and its
effect on the stack performance. O’Hayre et al. [21] studied a one-dimensional, non-
isothermal model that combined heat and mass transport in a air-breathing natural
convection PEM fuel cell. Momer et al. [22] studied the effect of temperature on
humidity for air-breathing fuel cells. Lister et al. [23] developed a three-dimensional
thermal model for microstructured air-breathing fuel cells using finite difference

methods.
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The model presented in this research is a detailed thermal model of a PEM fuel
cell stack based on first principles that uses thermal contact resistances to calculate the
heat transferred between the different fuel cell layers. The analysis of this model will
answer some questions not yet addressed in the literature. This work clearly establishes
the relationship between the different contributions to the heat generation in the fuel cell
to the current drawn. Also, the model mathematically analyzes all elements traditionally
involved in the energy balance of the fuel cell and reveals some simplifications that have
not been previously examined before. The work presented in this paper also offers a new
perspective to the analysis of open cathode fuel cells by comparing the stack to a heat
exchanger. This comparison provides researchers and designers with a tool to quickly
evaluate heat dissipation in the fuel cell stack. The analysis conducted in this work
studies in detail the speed of response of the system’s temperature to different inputs,
such as air mass flow rate and current demand. This analysis will help in the design of
controllers for these fuel cell systems by providing a better understanding of their

dynamics.

2 Single Cell Model

The schematic of a single cell fuel cell is shown in Figure 1. The fuel cell
temperature is modeled by coupling the equations that describe the five layers shown in
Figure 1: two end plates, two bipolar plates and one Membrane Electrode Assembly
(MEA).
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End Bipolar Bipolar End
Plate (L) Plate (L) Plate (R) Plate (R)

12 y

Fig. 1. Single cell fuel cell schematic.

The heat balance for the single cell fuel cell is displayed in Figure 2. Five differential
equations governing this system are derived by performing an energy balance of each
layer. Two algebraic equations describing the heat dissipated by the fluid are derived by
performing a fluid energy balance.

End Bipolar Bipolar End
Plate Plate Plate Plate

Ohir

+ Heat generated in each layer

Fig. 2. Single cell heat balance.
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2.1 Left End Plate. The differential equation describing the heat transfer

dynamics of the left end plate is

AT (1) _ Qu (1) + Qe (1) (3)
dt Tep

where T, is the left end plate temperature (K), Qsurr is the convective heat coming from
the fuel cell surroundings (W), Qg qp is the conductive heat transferred from the left
bipolar plate to the end plate (W) and 7, is the end plate thermal mass (J/K). The terms

in equation (3) are

Qslzjrr (t) = hsurr AEP (TO _TEI}’ (t)) (4)
QEP,BPP (t) = R = (TBIIDP (t) _TELP (t)) (5)
Tep = Acplep PerCep (6)

where hgyr is the convective heat transfer coefficient from the fuel cell’s surroundings

(W/mPK), A, isthe end plate area (m®), A, is the bipolar plate left face area (m?),
Rep gep 1S the thermal contact resistance between the end plate and the bipolar plate
(m*K/W), I, is the end plate thickness (m), pg, is the end plate density (kg/m®), ¢, is

the end plate specific heat (J/g'K), To is the environmental temperature (K), TS, is the left

L

end plate temperature (K) and T, is the left bipolar plate temperature (K).

2.2 Left Bipolar Plate. The left face of the bipolar plate is a flat surface.
However, the right face of the bipolar plate has channels embedded in it. For this reason,
both the conduction from the layer to the right of the bipolar plate and the convection
from the air flowing through the channels will have to be taken into account. Two

different areas are considered

ASPP = (as ( Nhan _1) +2b° )WBPP (7)



14

A\l!PP = (aV WBPP + 2|chanWBPP ) Nchan (8)

where AS.. is the area of the solid part of the right face of the bipolar plate (m?), Alp IS

the area of the bipolar plate in contact with the air flowing through the channels (m?) and

Nchan IS the number of channels. The other variables are illustrated in Figure 3.

Fig. 3. Bipolar plate dimensions.

The heat generated by the bipolar plate is only caused by Joulean heating.

According to Joule’s Law, the energy generated by any electrical device is

Q=i’R (9)

where Q is the energy generated (W), R is the electrical resistance (€2) and i is the current
(A). The energy that is not converted to electrical energy will be lost as heat energy. The

differential equation describing the heat transfer dynamics of the left bipolar plate is
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dTBLPP (t) _ _QEP,BPP (t) + QSPP,MEA (t) + Qall_ir_BPP (t) + QI;TDSP
dt

(10)

Tepp

where T, is the left bipolar plate temperature (K), Q. is the heat transferred by

conduction from the left end plate to the left bipolar plate (W), Qg vea iS the heat
transferred by conduction from the MEA to the solid part of left bipolar plate in contact
with the MEA (W), Q;; g is the convective heat dissipated by the air in the channels
of left bipolar plate (W), Q. is the heat generated by the current flowing through the

bipolar plate (W), which is solely caused by Joulean heating, and 7., is the bipolar plate

thermal mass (J/K). The terms in equation (10) are

s
QSPP,MEA (t) = "A'i (TMEA (t) _TBLPP (t)) (11)
RMEA,BPP
Qall_ir_BPP (t) =Ny AXPP (Tali_r (t) _TBIEP (t)) (12)
res . . res I
Bpp(')='2$ (13)
Tepp = Prrp AIB_PPIBPPCBPP (14)

where Ry, gep IS the thermal contact resistance between the MEA and the bipolar plate
(M*K/W), lo.p is the bipolar plate thickness (m), I, is the MEA thickness (m), hcnan is
the convective heat transfer coefficient in the channels (W/m?K), pq.» is the bipolar plate
density (kg/m®), Cgep is the bipolar plate specific heat (J/g'K), i is the current through the
stack (A), o is the bipolar plate material electrical resistance (€2'm), Tyvea iS the MEA
temperature (K) and T, is the air temperature in the channels of the left bipolar plate (K).
The convective heat transfer coefficient is dependent on the flow regime, which

consists of the flow development and the channel geometry. The effective diameter (i.e.,

hydraulic diameter) of the square channel (m) is
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2a'w’
o= W (49)

where w" is the channel width (m) and a" is the channel height (m) illustrated in Figure
3. The Reynolds number is

Re b= ﬂ (16)
7Dy 1

where 4 is the fluid viscosity (kg/m-s). Turbulent flow occurs if Re > 2300 [24]. If'the
flow is turbulent and L/Dy > 10, the flow will be fully developed. Also, if the flow is
laminar and L/Dy > 5x102RePr, where Pr is the Prandtl number, the flow will be fully

developed as well. The Nusselt number is

Nug = hEH = f (Rep, Pr) (17)

where K is the fluid conduction heat transfer coefficient (W/m-K). In turbulent fully
developed flow, when 0.5<Pr <2000 and 3000 < Re_, <5x10°, the Nusselt number is

[24]

_ (f/8)(Re,—1000)Pr
1+12.7( 1 /8)" (Pr°-1)

D (18)
where f is the Moody friction factor [24]. The fuel cell air channels can be approximated

by correlations that accurately approximate the smooth surface condition. Such relations

are

f =0.316 Reg " for Re, <2x10*

(19)
f =0.184Re;”° for Re, >2x10*

In fully developed laminar flow, with the fuel cell channel geometries considered in this
study, Nu = 3.39. However, if the conditions determine that the flow is developing

throughout the channel, the Nusselt number is then [24]

0.0668(D,, / Wy, ) Re,, Pr
1+0.04[ (D, / Wpp ) Re, Pr |

Nuy =3.39+ (20)

2/3
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2.3 Membrane Electrode Assembly. The irreversible reaction heat and entropic
heat in the cathode catalyst layer are the major contributors to heat generation in the PEM
fuel cell, accounting for roughly 80 to 90% of the total waste heat released [28]. The

differential equation describing the heat transfer dynamics of the MEA is

dTMEA (t) — QBRPP,MEA (t) - QSPP,MEA (t) +Q;/ir_MEA (t) + AH + Qll\;IEA (t)
dt Trien

(21)

where, Qgop vea IS the heat transferred from the left face of the right bipolar plate to the

MEA by conduction (W), Qy; . is the heat dissipated from the MEA by the air in the

channels of the left bipolar plate by convection (W), AH is the change of enthalpy of the
species in the MEA (W), Qut, is the internal heat generated in the MEA (W) and 7,z is

MEA

the MEA thermal mass (J/K). The terms in equation (21) are

Qnen (1)~ 52 (T (1) Ty (1) @)
Qi _wiea (£) = N Avn (T (1) = Tea (1)) (23)
AH (t)=AH,, o (t)+AH, (t)+AH, (t) (24)
AH, 0 (1) = 350 AeaMWi 0 (T, (1) - Te (1)) (25)
AH, () =1y o (T, o () =T, ) (26)
AH,, () =i, Co, (To, (1) ~To,in ) 27)
Tuen = PueaverlesCuen (28)

where AH,, , is the change of enthalpy of the water present in the MEA (W), AH,, is
the change of enthalpy of the hydrogen present in the MEA (W), AH,, is the change of
enthalpy of the oxygen present in the MEA (W), MW,, ,, is the molecular weight of water

(18 g/mol), Tx is the anode temperature (K), which is assumed to be the same as T, Tc
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is the cathode temperature (K), which is assumed to be the same as Ty, , T, is the

H, ,out
temperature of the hydrogen at the stack outlet (K), which is assumed to be the same as

Tuear Th,n IS the temperature of the hydrogen at the stack inlet (K), which is assumed

to be the same as T, T, Is the temperature of the oxygen at the stack outlet (K),

O, ,out

which is assumed to be the same as T,,g,, T,

0,,in

is the temperature of the oxygen at the
stack inlet (K), which is assumed to be the same as T, A,z is the MEA area (m?),

BPP

Puea 1S the MEA density (kg/m?), Cyea is the MEA specific heat (J/g'K), ¢, , is the
specific heat of the water present in the MEA (J/g'K), c,, is the specific heat of
hydrogen (J/g’K), c,, is the specific heat of oxygen (J/g'K), Ay, is the total area of the
MEA in contact with the air flowing through the channel (m?), Tae is the right bipolar

plate temperature (K) and m__is the mass flow rate of water in the MEA (g/s).

Hydrogen and oxygen coming from the anode and cathode, given by flow rates

m, and M, , respectively, are consumed in the MEA while water is being generated.
H, 0,

The consumption mass flow rate of the species (g/s) is

M = —— MW (29)

where MW is the molecular weight of the species being consumed (g/mol), i.e., hydrogen

or oxygen.
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Fig. 4. Example of a PEM fuel cell polarization curve [25].

In fuel cells, multiple losses occur during operation that affect the heat generation
in the MEA. As Figure 4 illustrates, such losses can be depicted in a polarization curve

and categorized as activation losses, ohmic losses and concentration losses. The total
fuel cell operating voltage is

Etotal (t) = E[hermo (t) ot ( J ) ~ Monmic ( J ) ~eonc ( J ) (30)

where Eta IS the total fuel cell operating voltage (V), Etermo IS the ideal thermodynamic
voltage at the operating conditions, i.e., operating temperature and pressure, (V), 77, is
the activation voltage 10ss (V), 77, IS the ohmic voltage loss (V), 7, is the

concentration voltage loss (V) and j is the fuel cell current density (A/cm?). These terms

are modeled, respectively, by [29]

ITay

e e

As RT IMa;
Ethermo = EO +E(T —TO)—E In( P ] (31)

T =a+blog(j) (32)
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nohmic = J (ASRohmic) (33)

M =cln[—. L J (34)
JL -1

where E is the open circuit potential voltage (1.229 V), ne is the number of electrons

involved in the reaction, F is Faraday's constant, As is the entropy change of the reaction

taking place in the fuel cell, T is the operation temperature (K), R is the ideal gas

constant, a; and a; are, respectively, the activities of each species in the products and

the reactants (atm), a and b are parameters obtained from Taffel kinetics, ASRonmic IS the
area normalized fuel cell resistance (Q-cm?), ¢ is a constant that defines the concentration
losses and j. is the fuel cell limiting current density (A/cm?). However, Ea can also be
modeled as [27]

Etotal (t): Ethermo (t)_AIn(j)_jR_menj (35)

Equation (35) is a semiempirical model whose parameters are obtained from the nominal

fuel cell polarization curve.

Internal heat generation in the membrane is caused by the entropic heat of
reactions (irreversible heat of electrochemical reactions) responsible for concentration
and activation overpotentials, as well as Joulean heating. The heat generated in the MEA

is

n.F - n.F IMay

,i\;,nEA (t)z I{l: AS R |n(1—[agi jj|TMEA (t)+77act(j)+77conc(j)+770hmic(j)} (36)

Comparing equation (36) to the power output of a fuel cell operating at voltage Eotar,
obtained from equation (31), and current i, it is observed that a PEM fuel cell produces
nearly a similar amount of waste heat as it does electric output power, rendering an

energy conversion efficiency of roughly 50% [28].

It is important to note that ASRqnmic is highly dependent on the water content in
the membrane and the membrane thickness. One of the most commonly used polymer

electrolytes in fuel cells is Nafion®. It has been well established in the literature that
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proton conductivity in Nafion® increases linearly with increasing water content and

exponentially with increasing temperature [29]

1 1
O'(TMEA (1), /1) = Oyac (A ) EXP |:1268(ﬁ - T (t)ﬂ (37)
Oaa (1) =5.193x10°21-3.26x10°° (38)

where ¢ is the membrane conductivity (S/cm) and 4 is the water content in the membrane
(cm?/s). Now, ASRohmic is

AXpEea
ASR o

ohmic — '([ W

Nafion® membranes used in the fabrication of polymer electrolyte membrane fuel

(39)

cells have sulfonic acid (SO;H*) chains that provide charge sites for proton transport

[29]. When sufficient water exists in the membrane, ionic conduction occurring in it is
similar to that in liquid electrolytes. For this reason it is imperative to always keep the

membrane fully hydrated.

The ratio of the number of water molecules to the number of charged (SO;H*)

sites in the Nafion® membrane is the water content. Springer et al. [30] developed the
model of variable membrane hydration. Their experimental results suggested that A can
vary from almost 0 (for completely dehydrated Nafion®) to 22 (for full saturation at
100°C) and 16.8 when the membrane is fully saturated at 80°C. For the purpose of the
studies conducted this paper, the MEA is considered to always be fully hydrated;
therefore, 1 = 22. For values of water content greater than 4 cm?/s, water diffusivity is
[29]

D, = exp{2416(3—(1)3—%ﬂx(z.sﬁs—o.%m 2.64x107% 47 —6.71x10* 4°*) x10°° (40)
In order to obtain the water mass flow rate within the membrane, the water content can be

converted to water concentration in Nafion®
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pdry
Cho=4A—" 41
wo =A% (41)

m

where CHZO is the water concentration in Nafion® (mol/m®), pdry 1S the membrane dry

density (~1970 kg/m®) and M, is Nafion® dry density (~1.1 kg/mol).

The number of water molecules dragged by each proton in the membrane is called
the electro-osmotic drag coefficient, narag. This coefficient determines the water
movement within the membrane and varies linearly with the water content in the
membrane [29]

for0<A1<22 (42)

r]drag = drag

SAT

where ng..

~ 2.5. Consequently, the molar flux of water in the membrane due to the
electro-osmotic drag will depend on the reaction rate

j(t
J E{rzeg (t) = 2ndrag % (43)

where J ,‘_’f:c? is the molar flux of water in the membrane (mol/s'm?) and the quantity 2F

converts from current density to proton flux [29]. The net water flux in the membrane is

a combination of the electrosmotic drag and back diffusion

Plr di
Jnet :Jdrag__yD ) Pt 44
H,0 H,0 Mm /1( ) dx ( )
Equation (44) can be rewritten as
9d_[pper A )M, (45)
dx 922 2F 4, D,

where X is the distance within the MEA (m) and « is an unknown parameter that denotes
the ratio of water flux to hydrogen flux flowing through the membrane from anode to
cathode. Solving equation (45) for A in order to determine the water content as a function

of the membrane’s thickness yields
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iM
A(x)= 151A0T[ JrCexp(—J m_drag XJ (46)
n
where C is a constant to be determined from the boundary conditions, i.e., the water

content in the cathode and anode side.

2.4 Right Bipolar Plate. Similar to the heat balance for the left bipolar plate, the
heat balance for the right bipolar plate is

dTBF::P (t) — QSPP,EP (t)+ Q;r_BPP (t) _QBRPP,MEA( )+QI§:P ( )

47
dt Tepp )
where T is the right bipolar plate temperature (K). The terms in equation (47) are
t ABPP TE (1) —Tase (t 48
QBPPEP() R’ (EP() BPP()) ( )
EP,BPP
Q;r_BPP( ) chanABPP( alr( ) TBRI;P (t)) (49)

where T is the right end plate temperature (K) and T is the air temperature in the

air

channels of the right bipolar plate (K).

2.5 Right End Plate. Similar to the heat balance for the left end plate, the heat

balance for the right bipolar plate is

T3 (1) _ Qe () +Ql o (1)~ Qione (1) (50
dt

Tep

The terms in equation (53) are
QSF:rr (t) = hsurr AEP (TO _TEFI; (t)) (51)

Qi er (1) =y AL (T () -T (1)) (52)
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where AY, =a“wgpp is the total area of the end plate in contact with the air flowing

through the channel (m?).

2.6 Air Cooling. The energy balance for the air in the channels in the left bipolar
plate is

dT, (t
air %ﬁ = r‘hairCair (Tair,in _Tair,out (t))+ hchanA\B/PP (TBI;DP (t)_Tali_r (t))

+ hchan Al\\ilEA (TMEA (t) _Tali_r (t))

T

(53)

where m,;. is the air mass flow rate in the channels (g/s), c,;, is the specific heat capacity

of air (J/gK), T, ;, is the air temperature at the channel inlet (298 K) and T, . is the air
temperature at the channel outlet (K). It is assumed that
L 1
Tair (t) = E(Tair,in +Tair,out (t)) (54)

Since air has a considerably smaller thermal mass than any solid (~10° times smaller), it
is assumed that its thermal dynamics are significantly faster than those in the fuel cell

layers and

Tair M = O (55)
dt

Therefore, the temperature of the air in the channels is assumed to change instantaneously
and, hence, the air energy balance for the channels between the left bipolar plate and
MEA is

0= _Zmair CairTaIi_r (t) + hchan A\BZPP (TBI}’P (t) _Tali_r (t)> + hChan A\\;EA (TMEA (t) _Tali_r (t)> (56)

Similarly, the air energy balance for the channels between the right bipolar plate and the

right end plate is

0= _ZmaircairTa?r (t) + hchan A\BZPP (TBF:DP (t) _Ta?r (t)) + hchan AI\E/P (TET:’ (t) _Ta?r (t)) (57)
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Equations (56) and (57) allow for the mismatch of heat transfer to/from the solid surfaces
forming the channels. Solving equations (56) and (57) for the air temperatures,
respectively, and assuming that Tair in = To Yields

T L (t) 2ma|rCa|rT + hchan A\B!PP BLPP (t) + I’.]chan AI\\ilEATMEA (t) (58)
o 2maeralr + hchan (A\éPP + Al\\/IIEA)

T R (t) Zmalrcaer + hchan A\éPPTBTDP (t) + hchan AI\E/PTEF::’ (t) (59)
a” 2malrcalr + hchan (A\éPP + Ai\E/P)

Rearranging equations (3), (10), (21), (47) and (50), and substituting T- and T? into

air air

equations (10), (21), (47) and (50) yields

dTes (1)

Tep dt = aﬂTELP (t) + aleBLPP (t) +by (60)

dTi, (t
e T T ()T (1) 2T (1), ©

dT t
fuer ) (1) 40T () 40T (1) 0 ©)

dTB'T:’P ( ) _ T T R T R b
Thpp dt =85l vea (t) +ay lgep (t) +aglep (t) +0, (63)
dTx (t
Tep ZP( )_a54 BPP( )+a55TERI; (t)+b5 (64)
where
= hsurr LP 'ABPP (65)
Rep grp
S

a, = e (66)

REP,BPP
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ABPP 67
Ay = R, (67)

a22 chan ( air ) ABPP [ Chan ( . ) ABPP _1] - '?‘IB_PP - '?BPP (68)

\%
2malrca|r + hchan ( air ) ABPP + hchan ( air ) AM REP,BPP EP,BPP

c an air AMEA Aé
a c an air AB - ( ) J“' " E= (69)
= ( ) PP (zmalrcalr + hchatn ( air ) ABPP + hchan ( air ) A1\\//IEA EP,BPP

ASPP ( chan ( air ) ABPP j
aS =5 c an air AM
’ RBPP,MEA " ( ) = 2rnaeralr + hchan ( air ) ABPP + h(:han ( air ) AI\\I/IEA (70)

net .
-J H,0 AMEAMWHZOCHZO - moz 002

chan ( air ) AMEA _1}
. v
2malrcalr + |qchan ( air ) ABPP + hchan (mair ) AMEA

a33 chan ( air ) AMEA (

(71)

L S Vi

_ P P ) A R In(naj ] +Mg, Co, + My, Cyy.

RBPP,MEA RBPP,MEA ne F nE F ]‘_‘[a'RI

——A‘;DP +my, Cp. + I AeaMW, oC (72)
Ay = R H, “H, H,0 " MEA H,0 “H,0
BPP,MEA
L

P 73)

RBPP,MEA

L S
a = hc . mair A\é chan ( air ) ABPP _1 _ "ABpp _ 6Bpp (74)
“ " ( ) { 2malrcalr - chan ( air )(ABPP + AEP ) RBPP,MEA BPP,EP

chan ( air ) AEP ASPP
a45 Cha" ( o ) ABPP {Zmalrcalr - chan ( air )(ABPP + AEP ) " R;3'»PP,EP (75)

_ ASPP chan ( air ) ABPP
a54 - R;IEP,BPP + e ( o ) AEP (Zmalrcalr - chan ( air )(ABPP + AEP )J (76)
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chan ( air ) AEP AB
A = c an air AE " surrAE o (77)
" ( ) " (Zmall’call’ - hchan ( air )(ABPP + AEP) " REP BPP
bl = hsurr AIIE_PTO (78)
om_c. Pl
b. = c . - AB air ~air T + |2 BPP BPP (79)
’ " ( ) ” {Zmalrcalr + hchan ( air )(AXPP + A:\/AEA)J ABPF’
2m,, C..
b, = c an air AM el . T
o ( ) = [ 2maurceur + hchan ( air ) A\BZPP + hchan (mair ) A1\\//IEA J ’ (80)
pres Y| _ -
+|2M_ JAMEA(U(J))
AMEA
2m, ¢, ol
b, = N (M) Ag alt ol T, +i2BeeEee (87)
o ( ) " (Zmalrcalr - hchan (mair )(AgPP + AEP )J ABPP
2m_. c
b5 surrAE + hc an ( air ) A1\E/ . Y T (82)
i " ] 2maircair - ( air )(ABPP + AEP)
The thermal model can now be expressed in matrix form as
T(t)=AT(t)+B (83)
where
LT
(22
% a‘22 a23 0 0
L, T, T
A=| 0 Z & & (84)
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)

B{ﬁ b, b b g} (85)
T, Ty T, T

T=[T, T, T, T, .| (86)

2.7 N-cell Stack Model. By modifying the same structure that was followed for
the single cell model, the thermal model for an n-cell stack can be determined. Figure 5
illustrates the configuration of an n-cell stack.

End Bipolar Bipolar Bipolar End
Plate  Plate MEA plate MEA pjate Plate

Repeating Unit

Fig. 5. N-cell stack configuration.

The number of layers (Njayers) in the thermal model is related to the number of cells (Nceiis)

in the stack by

=2n_, +3 (87)

nIayers cells

Since the layers forming the stack are the same as the ones forming the unit cell, the
equations used to form the model are the same. This yields a system of njayers €quations
with niayers States, each of which describes the temperature of a specific component in the

fuel cell stack.
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3 Physical System

The hydrogen fuel cell model parameters for the simulation studies conducted in
this paper are from a commercially available fuel cell, the Horizon H-200, shown in
Figure 6. The fuel cell maximum power is 200 W with a maximum amperage of 8 A.
The stack consists of 48 cells. The bipolar plates are constructed from graphite and the
end plates from aluminum. Also, as described previously, the polymer electrolyte
membrane is Nafion®. The configuration of this fuel cell is typical of an air breathing
fuel cell, having an open cathode that feeds off of the air provided by the channels in the
bipolar plates. Each bipolar plate consists of 56 air channels. These air streams also
serve as a cooling system for this fuel cell system. Due to the limitations in the fans
speed, the maximum air flow rate that can be moved through an individual cell is 1.1x10
% g/s. The maximum hydrogen flow rate that can be fed into the fuel cell is 1.5 x1072 g/s.
This study, however, will only consider the amount of hydrogen that the fuel cell requires
to operate at each current demand (0-4x10 g/s). Another important characteristic of
these fuel cells is that due to their open-cathode assembly, the cathode pressure will
remain fixed at 1 atm. In order to keep the membrane from deforming, the anode
pressure will also be kept at atmospheric pressure. The densities and specific heat

capacities of the fuel cell materials are shown in Table 1.

Fig. 6. Horizon H-200 fuel cell stack.
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Table 1 Specific heat capacities and densities of H-200 fuel cell materials.
Density Specific heat capacity

(kg/m®) (J/kg'K)
End Plate (Al) 2705 900
Bipolar Plate (Graphite) 1625 770
MEA 1800 872

Note the MEA consists of two catalyst layers each (one for the anode and one for
the cathode), two gas diffusion layers (GDL), one for the anode and cathode sides, and
one Nafion® membrane. In order to obtain the MEA density and specific heat capacity,
the effective properties for the MEA are calculated with the values for each of these
layers, as shown in Table 2. The measured areas for the fuel cell used for the simulation

studies in this paper are shown in Table 3.

Table 2 Densities, specific heat capacities and layer volume of materials forming the
MEA layer [18].

Density Specific heat Layer Volume
(kg/m®)  capacity (J/kg'K) (m)
Anode/Cathode 6
2000 840 5.90x10°
GDL
Anode/Cathode ;
387 770 9.59x10°
catalyst layer
Membrane 6
1970 1100 1.87x10°

(Nafion®)




Table 3 Fuel cell areas of each heat transfer interface in the different layers.

Wet Area Solid Channel Solid Surface

Layer ) ) )

(m°) Area (m°) Area (m°)
Left End Plate 1.447x1073 1.596x10° 6.522x107°
Left Bipolar Plate 7.599%10°° 1.596x10° 3.044x10°°
MEA 3.044x10°° 1.596x10° 3.044x107°
Right Bipolar Plate 7.599%10°° 1.596x10° 3.044x10°°
Right End Plate 1.447x107° 1.596x10° 6.522x10°°

The thermal contact resistances between the materials that form the MEA are
between 2.0x10™* and 6.7x10* m*K/W [32], and the thermal contact resistance between
the bipolar plates and the MEA is 2.0x10* m?K/W [32]. Thermal contact resistances
depend on surface finish and the pressure under which the fuel cell layers are clamped
together. It is then approximated that the thermal contact resistances are the same for all
layer interfaces throughout the stack. For the simulation studies conducted in this paper,

all thermal contact resistances are assumed to be 2.0x10* m? K/W.

In order to determine the heat generated in the MEA, the individual cell
polarization curve is constructed (Figure 7). The experimental data is obtained by
measuring the fuel cell voltage as different currents are drawn from the fuel cell by
means of a programmable load (BK Precission 8502 300W Programmable DC Electronic
load). The total voltage is then divided by the number of cells in order to determine an

approximate nominal polarization curve for each cell.
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Fig. 7. Horizon H-200 single cell experimental polarization curve.

An optimization method known as Particle Swarm Optimization (PSO) [33] is
used to create a model of the single cell polarization curve. Given the experimental data
shown in Figure 8, the model parameters in equation (37) are optimized such that the
difference between the model outputs and corresponding experimental data is minimized.
The PSO method yields

i ' )
Etotal ('[): Ethermo (t)—AIn[ I(t) j—R I(t) —me P
Aactive

=1.202-1.261x107°In (ﬂ) -0.6817 ﬂ —0.6162exp [—0.7099 —i (V) )
14.22 14.22 14.22

ctive

(88)

where Aqciive is the fuel cell active area (cm?). From the results obtained from the
polarization curve, it can be determined that Aacive = 14.22 cm?. This value can be
validated from the fuel cell stack sizing graph in the literature [26] where it is inferred
that for fuel cell stacks with less than 1 kW power and 50 cells, the active area is < 25
cm?. Also, the fuel cell area normalized fuel cell resistance is 0.6817 Q-cm?. This
parameter is comparable to the ranges given in the literature (0.1155 Q-cm® <R <0.6195

Q-cm?) [1].



33

Since the ideal thermodynamic voltage is temperature dependent, this term was
expanded as defined previously in equation (30). Note there are two electrons involved
in the reaction (n® = 2), To =298 K, R=8.314 J/mol:K, F = 96485.34 C/mol and As =
0.104 and -323.36 J/mol-K for the anode and cathode reactions, respectively [31]. Since
the cathode reaction energy is three orders of magnitude greater than that of the anode,
only the entropy of the cathode is taken into consideration [31]. Also note that in order to
compute Eermo, Since the anode and cathode pressures are 1 atm and oxygen represents
21% or the air entering the fuel cell, equation (31) becomes

~326.36 8.314T,es (1), (1
E, (t)=123+——2%0 (7 (t)_298)— | 89
permn () +2(96485.34)( vea () ~298) 2(06485.34) "\ o2z,

From the terms obtained in equations (88), (89) and (35), the individual heat source terms
for the membrane can be found and compared. The different heat generation terms are
plotted as a function of current in Figure 8 and compared to the total heat generation in
the MEA.

current [A]

Fig. 8. Heat generation from different sources and total MEA internal heat generation
Versus current.
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Often in the literature the concentration and activation losses are lumped together
as one “activation” term. In this paper, however, these two terms have been considered
separately in order to study their effects independently. As seen in Figure 8, from the
parameters obtained through the polarization curve, the activation process is an
endothermic event where the electrochemical reaction is absorbing heat energy in order
to occur. This is why operating the fuel cell at higher temperatures will favor the reaction
and produce higher power, assuming optimum membrane hydration. Also, comparing
this term to the other heat generation terms, it is determined that the activation energy
term can be ignored. Lastly, the electrical resistivity of graphite is 1.75x10° Q'm and
the bipolar plate thickness is 2.7 mm. Referring to equation (14), the heat generated in
the bipolar plates is

e (t) = Loslore (12 _1 552,107 (1) (90)

PP

4 Steady State Analysis
4.1 One-cell Steady State Model. In the steady state, equation (87) is

A T+B_ =0 (91)

where

Ass: 0 A Q33 Ay 0 (92)

Bss:[bl bz bs b4 b5]T (93)

From the fuel cell-fan operation, the maximum flow rate that can be provided to the fuel

cell is 1.39 L/min. The Reynolds number obtained for the flow in each channel is smaller
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than 650 for the entire range of fan operation. Therefore, the flow in the channels will
remain laminar for the entire range of fan speeds and h, = 69.24W/m?*K.

As previously mentioned, the membrane is considered to be fully hydrated; thus,

it can be assumed that the membrane is fully saturated, i.e., d/Z_S(x) =0. Inthis case
Jio =i =1.822x107°i(t) (94)
Substituting this result into equation (25), the water enthalpy is
AH, o (t) =1.822x10° i (t)(Tahp (1)~ Tep (1)) (95)
The enthalpies of hydrogen and oxygen, respectively, are
AH,, (t)=1.492x10"" j(t)(Tyea (1)~ Tae (1)) (96)
AH,, (t)=7.711x10"° j (t)(Tyea ()~ Tap (1)) (97)

Moreover, with the specific material and geometric values previously given, it can be
determined that the heat transferred by conduction from the left bipolar plate to the MEA
is the same as the heat transferred by conduction from the right bipolar plate to the right
end plate (3.669 W/K). Similarly, the heat transferred by conduction between the left end
plate and the left bipolar plate is the same as the heat transferred between the MEA and
the right bipolar plate (6.9977 W/K). The heat transfer convection coefficient with the
surrounding air is 20 W/m?-K, yielding a heat transfer by convection from the
environment to the right and left end plates of 0.1304 W/K. Also, due to geometric
similarities, the denominators of all the convection terms are the same (i.e.,

2.4m,, +0.6265). In order to maximize the terms that appear in the Ass matrix as a

function of inputs, i.e., current and mass flow rate, the maximum available current in the
fuel cell and the minimum air mass flow rate are substituted into the terms of the Ag
matrix. When all of the terms in the A matrix are compared, it is found that the
enthalpy terms, the convection terms and the MEA heat generation terms are at least one

order of magnitude smaller than the conduction terms. Neglecting these terms
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[-6.9977 6.9977 0 0 0
6.9977 —6.9977-3.669 3.669 0 0
A=l 0 3.669 ~6.9977 —3.669 6.9977 0 [(98)
0 0 6.9977 —6.9977-3.669  3.669
0 0 0 3.669 ~3.669 |

The matrix Ass is singular when the mentioned terms are neglected and hence, the steady
state temperatures cannot be computed. Therefore, the errors in the steady state solution
will be analyzed for different simplifications where these terms will be neglected in
different combinations.

In order to perform the steady state analysis, the terms forming matrix Bgs will
also be studied. Examining the terms in the Bss matrix two terms can be distinguished in
the rows corresponding to the bipolar plates’ energy balances, i.e., 2" and 4" rows: a
convection term and a heat generation term. The first term depends on the mass flow rate
of air going through the channels, while the second term depends on the current going
through the bipolar plate. Hence, the first term results in a minimum and maximum value
of 3.4x10 % and 0.340 W, respectively. On the other hand, the heat generated by the
bipolar plate is between 0 and 1.552x10 * W. Comparing these results it is determined
that the heat generated by the bipolar plates is insignificant compared to the energy
dissipated by convection by the air flowing through the bipolar plate channels and, hence,

the heat generation term can be neglected.

To ensure the simplifications previously mentioned are valid, the steady state
temperatures are computed for multiple operating currents (1-8 A) and air mass flow
rates (5.66x10 °-5.66x10* g/s). These ranges were determined by the physical
limitations of the Horizon fuel cell. The steady state analysis is performed for different
scenarios were each term indicated in Table 4 was included or not in the analyses.
Comparing each case described in Table 4 to the analysis where all the terms are
included, the errors in the steady state solutions obtained from neglecting the different

terms in the system are obtained and shown in Table 4.



Table 4 Percent error in steady state temperatures for 1 cell neglecting enthalpies, air

mass flow rates and/or heat generation in the bipolar plates.
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Case #

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8

Maximum %o
(ATs)

0
1.06
1.06
3.81x10™*

0.912
Cannot compute
Cannot compute

0.913

AH

Included
Included
Included
Included
Not Included
Not Included
Not Included
Not Included

Negligible Terms

Convection
terms in Ag
Included
Not Included
Not Included
Include
Included
Not Included
Not Included
Included

res
BPP

Included
Not Included
Included
Not Included
Included
Not Included
Included
Not Included

As previously mentioned, the denominator in all of the convection terms is

2.4m,, +0.6265. The first term in this denominator is at least two orders of magnitude

smaller than the second one. Since cases 6 and 7 in Table 4 cannot be computed due to

Ass being singular, the analysis was repeated ignoring only the air mass flow rate-

dependent term in the denominator in matrices Ass and Bss instead of the entire

convection terms in Ags. Comparing the results obtained proceeding with this analysis to

the results shown in Table 4, the error in all the cases can be computed, i.e., Ass will not

be singular in any case. The errors in cases 1-5 and case 8 do not change from the values

calculated in Table 4. However, cases 6 and 7 now yield 0.95% error compared to the

steady state solution obtained without neglecting any term.

The analysis illustrates that due to the small heat storage capability of gases, the

changes in enthalpy of the reactant and product species do not contribute considerably to

the heat transfer problem and can be ignored. Further, it is observed that the heat

generated by the bipolar plate is negligible compared to the other terms in the energy
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balance and can be neglected. Studying the percent error obtained in the steady state
solution, it could also be concluded that neglecting the air mass flow rate in the
denominators of all the convection terms in the analysis would not affect the results
noticeably since the error introduced ignoring this term is ~1%. However, neglecting this
denominator term yields an increase in the steady state temperatures as the air mass flow
rate is increased. Since this result does not make physical sense, the air mass flow rate
will not be neglected in any term of the model.

4.2 Heat Exchanger Analogy. In order to validate the steady state analysis, an
analogy between the fuel cell and a heat exchanger is made. Assuming a parallel-flow
heat exchanger (illustrated in Figure 9) with a heat source equal to the heat generated by
the MEA and at a constant temperature Ts, the temperature of the air in the channels will
exponentially tend to the temperature of the heat exchanger (i.e., the fuel cell

temperature) as shown in Figure 10.

Fig. 9. Heat exchanger schematic. The solid block is at a constant temperature (Ts).
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Fig. 10. Temperature distribution forheat exchanger with constant wall temperature.

In Figure 10, Tm(x) is the mean fluid temperature at different locations along the channel.
As observed in Figures 13 and 14, the fluid enters the heat exchanger at a mean
temperature Tr(x = 0) = 298 K and exits at a temperature T,(X = L). The temperature
difference between the channel wall, which is the same as the fuel cell’s bipolar plate
temperature, and the air at the channel entrance is ATy, and the temperature difference
between the channel wall and the air at the channel outlet is AT,. The air energy balance
in the channel is

q=m,C,. (Tm (L) -Tn (O)) (99)

where q is the heat dissipated by the fluid flow (W). Note that
T.(L)-T,(0)=AT, —AT,. For a parallel-flow heat exchanger [24]

AT, — AT,

| °In(AT,/AT,)

(100)
where q is the heat generated by the heat exchanger (W) and A is the channel wet area
(i.e., the channel perimeter times the channel length) (m?). Equating equations (99) and

(100) and rearranging

A_Tl =exp| —— Ahc (101)
AT, m,;.C

air Pair
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Note that since the fuel cell is being approximated as a heat exchanger, the heat generated
by the MEA will be equal to the heat generated by the heat exchanger (q) and will also be
the same as the heat dissipated by the air flowing across the channels. In order to analyze
the temperature of the flow in each channel, the following assumption is made: the heat
generated by the MEA will be evenly distributed in each channel. Therefore, assuming
there are 56 channels in each bipolar plate and there is one bipolar plate at each side of
the MEA, equation (99) becomes

int
q=2eal? (102)

This heat generation is divided into two terms: Q;= kTwmea being the heat generation
portion dependent on the temperature (Tuea = Ts) and Q; being the heat generation
portion dependent on the ohmic, concentration and activation losses. Equating the heat
transfer rate in equation (99) to the heat generated in the fuel cell and solving for Tr(L)
yields

T, (L)= M+Tm (0) (103)

m.. C

air Pair

Substituting equation (103) into equation (101) and solving for the fuel cell temperature

yields
Q
91T, (0)
TS — alr pair Q (104)
1-E-——
maircpair
where
E:expL— .Ahc J (105)
maircpair

Figure 11 compares the fuel cell temperatures obtained through the heat exchanger
analysis to the steady state temperatures obtained from the model exchanging the end

plates for adiabatic boundary conditions.
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Fig. 11. Model fuel cell temperatures with no end plates and adiabatic boundary
conditions (lines) and heat exchanger temperatures (markers).

As seen in Figure 11, the parallel-flow heat exchanger temperature results
accurately match the steady state fuel cell model (0% for all data). The heat exchanger
analysis brings new insight to the study of fuel cells as a first-approach steady state
thermal model. A new reverse engineering perspective is now given to the design of fuel
cells: the heat generated in the fuel cell can be determined first given a desired operating
temperature. Knowing the heat generation in the fuel cell, the voltage losses can be

calculated, which will determine the specific characteristics of the desired fuel cell.

4.3 N-cell Stack Steady State Model. The single cell model can be extended to
form a fuel cell stack with higher wattage capabilities. The effects of neglecting the
enthalpy, heat generation in the bipolar plates or the mass flow rate of air terms in a 48-

cell stack is shown in Table 5.
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Table 5 Percent error in steady state temperatures for 48-cell stacks neglecting
enthalpies, air mass flow rates and/or heat generation in the bipolar plates.

Maximum % Negligible Terms
Case # .
(ATs) AH My 8P

Case 1 0 Included Included Included
Case 2 28.5 Included Not Included Not Included
Case 3 28.5 Included Not Included Included
Case 4 2.44x107° Included Include Not Included
Case 5 0.754 Not Included Included Included
Case 6 Cannot compute  Not Included Not Included Not Included
Case 7 Cannot compute  Not Included Not Included Included
Case 8 0.756 Not Included Included Not Included

Comparing Tables 4 and 5, it can be observed that most errors are amplified as the

number of cells in the stack is increased. Also, similar to the single cell analysis, the air

mass flow rate will be neglected in the denominator of the convection terms as a separate

case study. It is observed that the error introduced by ignoring the air mass flow rate in

the denominators increases by almost 27 times in the 48-cell stack versus the single cell

stack (29% error in computation of the steady state temperatures). On the other hand, the

error in the computation of the steady state temperatures introduced by neglecting the

enthalpies and the heat generated by the bipolar plates remains under 1%, thus, these

terms can be neglected.

In order to investigate the effects of different mass flow rates and operating

currents on different size fuel cells, the steady state temperatures were computed for each
fuel cell layer at different operating conditions. Figures 12 and13 show steady state fuel

cell temperatures for 16 and 48-cell fuel cell stacks, respectively.
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Wi=2A[ |i=5AMi=8A

SS Temperature [°C]

mdot(air) [g/s]

Fig. 12. Steady state temperature distribution as a function of mass flow rate and layer of
a 16 cell-stack fuel cell operating at 2A, 5A and 8A.
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Fig. 13. Steady state temperature distribution as a function of air mass flow rate of a 48
cell-stack fuel cell operating at currents of 2, 5 and 8 A.

As Figures 12 and 13 illustrate, the temperature distribution of each stack has a
parabolic shape in the steady state. These profiles show that the middle layer reaches the
highest temperature and the end plates are the coldest areas. Due to the larger dimensions

and material properties of the end plates, the thermal mass of these layers is two orders of
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magnitude larger than those of the other layers. Greater thermal masses imply higher
heat storage capacity. In addition, the heat from these layers is dissipated by convection
to the environment. Thus, these two layers have the lowest temperatures. Since the
middle layers are more insulated from the environment, the shape of the heat distribution
is expected. Comparing the different sizes of fuel cells, it can be seen that the
temperature distribution for the 48-cell stack encompasses a much wider range of values
than the single cell fuel cell. As the number of layers increase, the temperature difference
between the middle layer and the exterior of the stack also increases. Similarly, note that
the maximum temperatures for one cell are lower than the maximum temperatures for a
the 48-cell stack. This is due to the fact that, for the same current, larger fuel cells
produce more energy (and therefore, more waste heat) as the power is approximately
linearly scaled with the number of cells that form the stack. Again, comparing both fuel
cells, it is observed that the 48-cell fuel cell is more affected by the air mass flow rate
than the single-cell fuel cell.

Figures 12 and 13 also show that for a constant current, the maximum steady state
temperatures linearly decrease with increasing mass flow rates. This observation is

clearly illustrated in Figure 14.
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Fig. 14. Maximum steady state temperatures for different size fuel cell stacks operating
at 4 A versus air mass flow rate per cell.

As Figure 14 shows, the maximum steady state temperature increases for
increasing number of cells and is more sensitive for larger fuel cell stacks. Analysis
shows the slopes of the curves in Figure 16 decrease linearly with increasing number of

cells. The rate at which heat is dissipated by the increasing air mass flow rate increases
approximately linearly with increasing number of cells.

Moreover, as Figures 12 and 13 illustrate, quadrupling the number of cells in the
stack will significantly increase the overall stack temperatures, ~34% and ~42% for

currents of 2 and 8 A operating conditions, respectively. These results can be more easily
visualized in Figure 15.
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Fig. 15. Maximum steady state temperatures versus number of cells for 5.668x10* g/s
per cell.

5 Dynamic Analysis
The fuel cell operation is simulated for different scenarios. In the first simulation,
the air mass flow rate is kept constant at 2.86x10> g/s per cell. The fuel cell temperature

is analyzed by varying its operating current as illustrated by Figure 16.

Each current step lasted long enough such that all of the layers reached their
steady state temperatures. One-cell and 48-cell stack fuel cell responses were simulated
for the same current input. Their dynamic temperature responses are illustrated in

Figures 17 and 18, respectively.
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Fig. 16. Varying current input with time i =4, 8 and 1 A.
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Fig. 17. Left end plate and middle MEA temperatures versus time. One-cell fuel cell
temperature response to current input described by current profile in Figure 16 and m,, =

2.86x107 g/s per cell.

Comparing the middle MEA layer to the end plate one-cell stack temperature
profiles, it can be observed that the end plate temperature settles down slightly after the
middle MEA for the first two input steps and at the same time for the last step.
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Fig. 18. Left end plate and middle MEA temperatures versus time. 48-cell fuel cell
temperature response to current input described by current profile in Figure 16 and m,, =

2.86x10 g/s per cell.

Comparing the middle MEA layer to the end plate in the 48-cell stack temperature
profiles, it can be observed that the settling time is, ~20% faster in the middle MEA than
it is in the end plate when the system experiences a current input change. As seen in
Figures 17 and 18, it takes about one hour for the fuel cell temperatures to reach their
maximum values at the commanded current input. Comparing the dynamics of both
simulations, it can be observed that for the first two steps of the simulation, the dynamics
of the 48-cell stack are slower than those in the one-cell stack. However, the on the last
step of the simulation, the one-cell stack settles down at a constant temperature in less
time than the 48-cell stack. In order to quantify how these systems responded to the

current change, the settling time for each temperature variation is given in Table 6 for
both systems.
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Table 6 Settling times (hours) for each temperature variation described in Figures 19

and 20.
] 1 cell 48 cells
Location
1A 4 A 8A 1A 4 A 8A
EP 1.10 1.09 1.06 1.75 1.32 0.94
Middle MEA 1.04 1.03 1.00 1.30 0.87 0.52

In the second simulation, the current is 4 A. The fuel cell temperature was
analyzed by varying the air mass flow rate as shown in Figure 19.

x10

N O A O

m dot(.'alir) (a/s)

0 5 10
Time (hr)

Fig. 19. Varying mass flow rate input with time m_, =2.86x10°, 5.72x10 and 1.43
%107 g/s per cell.

One-cell and 48-cell stack fuel cell responses were simulated for the mass flow
rate input in Figure 19. Their dynamic temperature responses are given in Figures 20 and

21, respectively.
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Fig. 20. Left end plate and middle MEA temperatures versus time.
One-cell fuel cell temperature response to the air mass rate input described by the profile
in Figure 21 withi=4 A.

It is observed that the speed of response of the system temperature for the one-cell
stack gets faster as the mass flow rate is increased. Also, is observed that, the end plate

responds ~5% slower than the MEA to every change in mass flow rate.
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Fig. 21. Left end plate and middle MEA temperatures versus time.
48-cell fuel cell temperature response to air mass flow rate input described by the profile
in Figure 21l and i=4 A.
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In the 48-cell stack, the difference between the speeds of response of the different layers
is more noticeable. The end plate is ~70% slower than the middle MEA. Also, similar to
the one-cell fuel cell, as the mass flow rate increases, the system settling time decreases
(with a ~5% difference between the settling times for the smallest and the largest mass
flow rates). The maximum temperature change experienced by the change in the air mass
flow rate observed in Figure 20 is ~0.14°C, while the 48-cell fuel cell has a ~23°C
difference between the smallest and the largest air mass flow rates. In order to quatify
how these systems responded to the air mass flow rate change, the settling time for each
temperature variation is given in Table 7 for both systems.

Table 7 Settling times (hours) for each temperature variation described in Figures 22 and

23.
1 cell 48 cells
_ 1.43  2.86x10”° 5.72x10° 143  2.86x10° 5.72x10°°
Location s s
x107 g/ls  gls per g/sper x107°gl/s  gls per g/s per
per BPP BPP BPP per BPP BPP BPP
EP 1.075 1.071 1.067 1.112 1.087 1.063

Middle MEA 1.018 1.014 1.011 0.673 0.650 0.628

It has been shown that the temperature of each layer in the fuel cell responds to
changes in current and air mass flow rate at different speeds. In order to study the range
of the system time constants, the fastest and slowest layers are studied. As it was
discussed previously, the end plates have greater heat storage capacity than the other
layers in the MEA, thus, their dynamics are slower than the other layers. Due to the fuel
cell configuration, the dynamics of left end plate will be slightly slower than those of the

right end plate. Moreover, it was observed in the previous simulations that the speed of
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response of the different layers was different for both size stacks. Also, it was seen that
the system also responded with different speeds based on the inputs (i.e., current and air
mass flow rate). For this reason, the time constants were investigated as a function of
number of cells forming the stack, current and air mass flow rate. Figure 22 illustrates
the time constants for the left end plate and the middle MEA layer for a wide range of

current, number of cells and air mass flow rates.

HWi=2AMi=6Ai=10A

Time constant (s)

. x1
Number of cells m ,(air) (g/s)

a) Left end plate

Fig. 22. Time constants for fuel cell stacks of different sizes (1 to 50 cells) and different
operation conditions.
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Fig. 22. Time constants for fuel cell stacks of different sizes (1 to 50 cells) and different
operation conditions. (cont)

As seen in Figure 22a, the time constants decrease as the current increase,
independent of the number of cells. For 2 A, as the number of cells increases, the time
constants increase. For 6 and 10 A, the behavior of the stack is opposite from what is
observed at low currents: the time constants decrease as the stack size increases.
However, this behavior is only true for up to 25-cell stacks. When increasing the number
of cells beyond 25, the time constants again increase, even for larger currents. For 10 A,
increasing the number of cells from 13 to 25, decreases the time constant of the left end
plate layer by 3.3%. Increasing the number of cells even further, i.e. from 25 to 50 cells,
increases the time constant by 2.4%. On the other hand, for a current of 2 A, increasing
the number of cells from 13 cells to 49 cells increases the time constant by 37.8%. As
observed in Figure 22b, similar to the behavior in the left end plate, as more cells are

added to the stack the time constant of the middle layer decreases with increasing current.

Comparing Figures 22a and b, it is observed that at 2 A the temperature dynamics
for the middle layer are only 5% faster than those of the left end plate for a single cell.

However, for the same stack configuration, at 10 A the middle layer temperature
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dynamics has a time constant 50% faster than those of the left end plate. Doing the same
comparison for a 50-cell stack, at 2 A the middle layer temperature dynamics are 25%
faster than those of the left end plate. However, at 10 A the middle layer temperature
response is 51% faster than that of the left MEA. This analysis illustrates that,
independent from the number of cells forming the stack, as currents increases, the time
constants decrease. This explains why fuel cells are so easily scalable, making them
suitable for multiple applications from power plants to portable devices.

Comparing both dynamic simulations, it can be observed that the system
temperature is more sensitive to changes in current than it is to changes in air mass flow
rate. This behavior is supported by the time constant plots where the maximum change in
the time constants due to the effects of air mass flow rate is a 13.7% increase for the
middle MEA in a 51-cell stack operating at 2 A. Therefore, it can be concluded that for
thermal management purposes, the operating current will have a greater influence on the

stack temperature than the air mass flow rate.

The fuel cell system dynamics can be explained by isolating the MEA dynamics.
Rearranging the term asz described by equation (71) and introducing the simplifications

mentioned in the previous section yields

2r‘haircair + hc an Y ; ; i As
a33 = _hchan A1\\iIEA . hv AMEA v - 'ABPP - "ABPP + IAMEA (_j (106)
2rnaircair + hchan (ABPP + AMEA) RBPP,MEA RBPP,MEA 2F
Note that since the entropy term in equation (106) is negative for the fuel cell reaction,

azs will remain negative for all air mass flow rates and all currents. As the air mass flow

rate tends to zero,

2r’haircair + hc anAl\\//I A1\\$I
2 . h hV EA S RN y EAV (107)
rnaircair + chan (ABPP + AMEA) (ABPP + AMEA)

On the other hand, as the air mass flow rate tends to infinity,

. \Y
2m C +hchanAv|EA

air ~air

5 \Y \
2r‘naircair + hchan (ABPP + A1\/IEA)

1 (108)
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Therefore, this term is bounded between 0.162 and 1. Also, it can be seen that the current
dependent term in as3 is not upper bounded and tends to zero as the current tends to zero.
Since this term is negative, as current tends to infinity, the term will tend to -co. The time

constant describing the MEA dynamics is approximately

{VEA = X—E: (109)
Since the MEA thermal mass is fixed for each layer, as as3 increases, the time
constant decreases. As the previous discussion shows, ass is more sensitive to changes in
current than it is to changes in mas flow rate (since this term is upper and lower
bounded). This analysis mathematically explains the observations previously noted for
Figure 22. Furthermore, the electrical power generated in the fuel cell is directly
proportional to the number of cells in the stack. As the number of cells increases, the
electrical power generated by the stack increases accordingly, as does the heat generated.
Since the electric power generated by a PEM fuel cell is approximately the same as the
heat produced [28], as more current is demanded from the fuel cell, the more heat is
generated and hence, the smaller the time constants are. The current affects some
coefficients in the A matrix (as3 and the subsequent repeating terms as the number of
cells is increased) and affects the time constants accordingly, i.e., as current is increased,

the time constants decrease.

In order to analyze the fuel cell temperature response as a function of number of
cells it will be assumed that the stack is only formed by MEA layers since these are the
only layers in the stack generating heat. In this case, Ass can be approximated to a
diagonal matrix formed by az3 terms, and the time constants would be equal to the
thermal mass matrix multiplied by the inverse of As,. Computing the determinants of the

two multiplying matrices yields

T — (110)
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where n is the number of cells, ag; is the terms of as; that are not dependent on current
and a, is the term of as; that is dependent on current. The current-dependent term in ass

is three orders of magnitude smaller than a;,. Therefore,

" "

t, ~ —~ (111)
(a5 +asi)  (a5)

Since ag, is constant, as more layers are added to the system, the larger becomes the

thermal mass and the greater becomes the system time constant. This trend is what
Figure 22 showed since even for high current, the time constants increased for large

number of cells.

6 Summary and Conclusions.

This paper presented an analytical one-dimensional lumped model for an open
cathode polymer electrolyte fuel cell. Studying the errors resulting from neglecting
different terms in the model, it can be concluded that the changes in enthalpies and the
heat generated in the bipolar plates can be ignored since neglecting these terms only leads
to simulation errors less than 1%. However, despite the fact that the term including the
air mass flow rate in the convection energy balance is negligible compared to the other
terms, ignoring this term yields simulation errors up to 28.4%. Also, neglecting these
terms creates a solution where layer temperatures increase as air mass flow rate increases.
Therefore, this solution not only gives a high numerical error, it also gives a steady state
solution that does not make physical sense. Moreover, since the heat generation in the
bipolar plates is insignificant and can be neglected, only the heat generated in the MEA
dictates the heat generation in the fuel cell.

In order to validate the model presented and its steady state analysis, an analogy
between the fuel cell and a heat exchanger was made and validated. The heat exchanger
analysis brings new insight to the study of fuel cells as an adiabatic steady state fuel cell
thermal model. A new reverse engineering perspective is given for the design of fuel

cells: the heat generated in the fuel cell can be determined first given a desired operating
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temperature. Knowing the heat generation in the fuel cell, the voltage losses, which
determine the specific characteristics of the desired fuel cell, can be calculated.

Moreover, in order to study the dynamic behavior of the temperatures in the fuel
cell as air mass flow rate, current and number of cells vary, two dynamic simulations
were conducted. It has been shown that the number of cells, the current drawn and the
mass flow rate of air circulating through the stack affect the system time constants. The
heat generated by the fuel cell is affected by the number of cells that form the stack. On
the other hand, the larger the stack, the greater the overall system thermal mass.
Therefore, increasing the number of cells also increases the amount of heat energy that
can be stored in the stack. This ratio between heat storage and heat generation
determines the system time constant as well as the steady state temperatures for all of the
layers. Finally, this paper illustrates how the fuel cell temperature response changes with
different inputs, i.e., air mass flow rate and operating current. It has been shown that the
fuel cell steady-state and dynamic temperature is more sensitive to changes in current
than to changes in air mass flow rate for any stack size. Furthermore, it has been shown
that increasing the air mass flow rate of the current, yields a decrease in the system time
constant. Finally, it was presented that since the current-dependent term in Ags IS
negligible compared to the other terms multiplying the MEA temperature, as the system
thermal mass is increased by adding more cells to the stack, the time constants are also

increased.
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SECTION

3. SUMMARY, CONCLUSIONS AND FUTURE WORK

This thesis presents a one-dimensional lumped model for an open cathode
polymer electrolyte fuel cell. Studying the errors resulting from neglecting different
terms in the model, it can be concluded that the changes in enthalpies and the heat
generated in the bipolar plates can be ignored since neglecting these terms only leads to
simulation errors less than 1%. However, despite the fact that the term including the air
mass flow rate in the convection energy balance is negligible compared to the other
terms, ignoring this term yields simulation up to 28.4%. Also, neglecting these terms
creates a solution where layer temperatures increase as air mass flow rate increases.
Therefore, this solution not only gives a high numerical error, it also gives a steady state
solution that does not make physical sense. Moreover, since the heat generation in the
bipolar plates is insignificant and can be neglected, only the heat generated in the MEA
dictates the heat generation in the fuel cell.

In order to validate the model presented and its steady state analysis, an analogy
between the fuel cell and a heat exchanger is made. The heat exchanger analysis brings
new insight to the study of fuel cells as an adiabatic steady state fuel cell thermal model.
A new reverse engineering perspective is given for the design of fuel cells: the heat
generated in the fuel cell can be determined first given a desired operating temperature.
Knowing the heat generation in the fuel cell, the voltage losses, which determine the
specific characteristics of the desired fuel cell, can be calculated.

Moreover, in order to study the dynamic behavior of the temperatures in the fuel
cell as air mass flow rate, current and number of cells are varied, two dynamic
simulations were analyzed varying these parameters. It has been shown that the number
of cells, the current drawn and the mass flow rate of air circulating through the stack
affect the system time constants. The heat generated by the fuel cell is affected by the

number of cells that form the stack. On the other hand, the larger the stack, the greater
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the overall system thermal mass. Therefore, increasing the number of cells also increases
the amount of heat energy that can be stored in the stack. This ratio between heat storage
and heat generation determines the system time constant as well as the steady state
temperatures for all of the layers. Finally, this paper illustrates how the fuel cell
temperature response changes with different inputs, i.e., air mass flow rate and operating
current. It has been shown that the fuel cell temperature is more sensitive to changes in
current does to changes in air mass flow rate for any stack size.

This thesis is directed toward control oriented modeling. In order to get there, the
model presented would have to be linearized and reduced. Once the model is reduced to
a manageable number of states, the dynamics described fully supports the design of a

controller.
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AIR MASS FLOW RATE OBTAINED THROUGH FAN OPERATION
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In order to determine the air mass flow rate through each channel, the pressure
drop across the channels is calculated

f p(mair /pp\:han )2

AD =
P 2D,

Wapp (1)

where Acnan is the channel cross sectional area (m?). The air moving through the channels
in the bipolar plates is driven by two fans that pull air through them. In order to
determine the system operating condition, the fan’s characteristic curve is compared to
the system’s characteristic curve. The intersection between the characteristic curve of the
fan and equation (3) determines the fuel cell operating point i.e., set point. Using the fan
laws and knowing a set point, it is possible to calculate the fan performance at a second
condition, and the air mass flow rate in the channels can be calculated. Since the fans are
placed in parallel, i.e. side by side, the pressure drop across them will be the same.
However, the amount of air they can move together doubles the amount of air that a
single fan can move. Bearing this in mind and calculating the pressure drop across the

fuel cell with equation (3), the system operation set point is illustrated in Figure 4.1.

—system pressure curve
- fan characteristic curve

N
o

-
[5))

-
o

P (mm of H20)

(3]

0 1 2 3
Air Mass Flow Rate (L/min)

Figure 1A. Fuel cell — fan operation point.
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Figure 4.1 showed the characteristic curve for one fan operating at a constant 12VVDC
(dotted line), i.e., maximum speed. As seen in Figure 4.1 the air mass flow rate provided
by the fan setup at their maximum speed with the fuel cell acting as a resistance to the
flow is 1.39L/min. This air mass flow rate is the one used throughout the model

described in this research.



APPENDIX B
MODEL UNCERTAINTIES
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The parameters obtained through the Particle Swarm Optimization (PSO) are unknown
parameters in every fuel cell. In order to study the model robustness, the uncertainty of
each of the parameters found in equation (88) was determined. The uncertainty of each

parameter can be found in Table 1B.

TABLE 1B Parameter uncertainty.
Parameter PSO Value Uncertainty (% %)

Aact 14.22 40
R 0.6817 20
A 0.01 99
m 0.612 10
n 0.7099 40

Varying the parameters within these bounds yields to deviations of up to 3% in the steady

state temperatures.
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