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PREFACE

In a fuel cell, electrical energy is generated directly through
the electro-chemical reaction of oxidant (oxygen fromair) and fuels
(such as natural gas, methanol or pure hydrogen) at two electrodes
separated by an electrolyte. When pure hydrogen is used, the only
products of this process are heat, electricity and water. Fuel cells
are expected to play a significant role in the next generation of
energy systems and road vehicles for transportation. There are
various transport processes in solid oxide fuel cells (SOFCs) and
proton exchange membrane fuel cells (PEMFCs), such as multi-
dimensional flow and heat \transfer in multi-phase flows,
multi-component transport of gaseous species in porous media and
electrochemical reactions including heat generation. However,
substantial progress is required to understand the associated heat
and mass transport processes for reducing manufacturing costs and
improving the performance of fuel cells. Currently a large number
of research activities are carried out for fuel cells worldwide,
'but there is no comprehensive book available to address the analysis

of transport phenomena in fuel cells so far.

This book aims to understand the major transport processes in
SOFCs and PEMFCs. It focuses on the modeling, simulation and
numerical analysis of heat, mass transfer/species flow, two-phase
transport and effects on the cell performance in SOFCs and PEMFCs
based on their similarities/dissimilarities. The unique boundary
conditions (thermal, mass) for the flow ducts appearing in fuel
cells are recognized and applied. This book is based on the research
experiences and results from fuel cell related projects, and several

relevant topics published are included for detailed discussions.



This book are applicable for other investigations considering
overall fuel cell modeling and system studies, as well as the

emerging field of micro-reactor engineering.

The Academic Publishing Foundation of Dalian Maritime University
(DMU) financially supports the current book; Professors SUN Juncai,
YIN Peihai and YUE Danting, all from DMU, have read the manuscript.

The supports and efforts concerned are gratefully acknowledged.

YUAN Jinliang
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. 1 Introduction &5

INTRODUCTION
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niform supply of species to an active surface, where the electrochemical reaction

happens, is important in a fuel cell duct. The most common ducts in fuel cells consist of
a porous layer, the flow duct and solid current collector (or connector) with constant
cross-section area. Understanding of various species (gas/liquid water) and heat transport
processes is crucial for increasing power density, reducing manufacturing cost and
accelerating commercialisation of fuel cell systems.

Analyses and simulations of gas utilization, produced power, energy efficiency, electrical
current and temperature distribution, and mechanical stress in unit cells of a fuel cell stack
have been presented in the literature for solid oxide fuel cells (SOFCs) and proton exchange
membrane fuel cells (PEMFCs). The energy balance equation is usually employed in the
thermal analysis and calculations of temperature distributions. However, the assuniptions
concerning the convective heat transfer coefficients for the flow of the fuel and the oxidant
are usually based on constant Nusselt numbers which are available in the published literature.
The unique mass transfer and thermal boundary conditions of fuel cells have not been
considered properly. The flow ducts for the fuel and the oxidant are usually identical in the
model and uniform throughout the entire fuel cell stack. This is not very appropriate if an
even temperature distribution is attempted for and if the pressure drop for each fluid should be
kept within certain limits. Thus there is a need to deepen and further develop such analyses to
give a better understanding and achieve heat transfer coefficients which are valid for the fuel
cell boundary conditions.

In fuel cells, heat is mainly transferred through one duct wall which will be clarified in this
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& Analysis of Associated Transport Processes in Fuel Cells &3

book, while the other three walls are kept at a uniform temperature or are thermally insulated.
The heat transfer coefficient is influenced by this thermal boundary condition. In addition,
mass transfer across one or more duct walls associated with the electrochemical reactions is
another unique feature of fuel cells. Fuel (usually H) and part of the oxidant (usually air) are
consumed in the anode and cathode ducts, respectively. However, later (further along the duct)
the mass flow rate is increased due to the transfer of the water generated in the
electrochemical reaction in the anode duct for SOFCs and in the cathode duct for PEMFCs.
This mass transfer also affects the heat transfer and pressure drop (flow field) characteristics.
Moreover, buoyancy effects are significant in some applications and should be considered. In
addition, effects of species transport through a porous layer are significant in the PEMFCs and
the moderate temperature (anode-supported) SOFCs, because the size of the porous layer is
large compared to the flow duct in terms of thickness and cross-section area.

It is a widely accepted fact that the PEMFCs cathode is the performance-limiting component.
It is so because the potential water flooding as discussed later in this book and occurrence of
slower kinetics of the oxygen reduction reaction affect the cell performance. In addition, mass
transfer limitations may happen due to the nitrogen barrier layer effects in the porous layer.
Two-phase flow and its effects on the heat transfer, concentration variation and PEMFCs
performance are very important.

The pressure drop is of particular importance as the thermal-hydraulic performance of the fuel
cell should be established and as the fuel cell should be integrated with other units, such as a
gas turbine or combined heat and power plants. The influences of the fuel cell on process
coupling and on the choice of components in an energy system, such as pre-heaters,
inter-coolers, and district heating heat exchangers and so on, depend on the characteristics of
the fuel cell. The need for determination of temperature distribution, convective heat transfer,
pressure drop and two-phase flow/water balance is thus significant. This is particularly true as
optimization is requested and to enable the fuel cell to operate correctly.

The overall aim of this book ié to analyze heat and mass transport, and fluid flow (two-phase)
phenomena in fuel cell ducts. Numerical calculation methods have been further developed to
enable predictions of convective heat transfer, pressure drop and two-phase flow in the flow
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Y. 1 Introduction &5

ducts of the fuel and the oxidant. The following detailed objectives have been carefully
considered as given below:

e  To establish the state-of-the-art concerning thermal analysis and simulation of fuel
cells in terms of methodologies and applications of detailed analysis of the heat
transfer and gas flow, temperature distribution;

e  To identify the heat and mass transfer/flufl mechanics problems and the unique
thermal boundary conditions, interfacial conditions between flow duct and porous
layer;

e  To simulate and analyze effects of other unique fuel cell conditions of the composite
fuel cell duct, including porous layer, solid structure and flow duct;

e  To develop calculation procedures for pressure drop, heat and mass transfer, and
two-phase flow and effects on the cell performance, so that the thermal hydraulic
characteristics and heat/water management of fuel cells can be applied as system

integration with a gas turbine and/or a combined process is considered.

This book aims to understand the major transport processes in SOFCs and PEMFCs. Fuel
cells with high and moderate operating temperature (such as SOFCs) and low temperature
(such as PEMFCs) are considered. It focuses on the modeling, simulation and numerical
analysis of heat, mass transfer/species flow, two-phase transport and effects on the cell
performance in SOFCs and PEMFCs based on their similarities/dissimilarities. This book is
based on the research experiences and results from fuel cell related projects, and several
relevant topics published are included for detailed discussions. This book are applicable for
other investigations considering overall fuel cell modeling and system studies, as well as the
emerging field of micro-reactor engineering.

N B e B e W e W e B e M e M R W S e @ e M e @ e B e B s M e W e W e @ B e M e @ e @ M e @ e @ e @ e @ e

~3~



@Analysis of Associated Transport Processes in Fuel Cells@

= FUNDAMENTALS AND DEVELOPMENTS OF
FUEL CELLS

he invention of fuel cells as an electrical energy conversion system is attributed to Sir

William Grove. However, the principle was discovered by Christin Friedrich Schénbein,
who was a Professor at the University of Basle from 1829 to 1868, and in close contact with
Sir Grove. It is no doubt that fuel cell is one of the oldest electrical energy conversion
technologies known to people. The fuel cell development was very slow due to the lack of
drives during the first century because primary energy sources were abundant, unrestricted
and inexpensive. It was until the early of the 20th century, particularly during last decades, the
conversion of chemical energy into electrical energy became more important due to the
increase in the use of electricity. In the case of hydrogen/oxygen fuel cells, which are the
focus of most research activities today, the only by-product is water and heat. The increase of
the world’s population has led to an increased interest in the development of more powerful
and clean power generation as well. It is a fact that the increasing concern about the
environmental consequences of fossil fuel use affected fuel cell developments in production
of electricity and for the propulsion of vehicles and ships. Fuel cells may help to reduce our
dependence on fossil fuels and diminish poisonous emissions into the atmosphere, since fuel
cells have higher electrical efficiencies compared to internal combustion engines. The share of
renewable energy from various sources, such as wind, water and sun, will increase further but
these sources have limitations to cover the electrical base load due to their irregular
availability. Consequently, the high efficiency of fuel cells and the prospects of generating
electricity without pollution have made them a serious candidate to supply electricity and
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W.2 Fundamentals and Developmenﬁs of Fuel Cells &5

power for the next generation of vehicles and ships.

2.1 Fuel Cell Basics

Fuel cells are electricity generating devices, in which the free energy of a chemical reaction is
converted into electrical energy (via an electrical current). The Gibbs free energy change of a
chemical reaction is related to the cell voltage as follows,

AG =-nFAV, 2.1)

where n is the number of electrons involved in the reaction, F is the Faraday constant, and

AV, the voltage of the cell for thermodynamic equilibrium in the absence of a current flow.

The anode reaction in fuel cells is either the direct oxidation of hydrogen, or indirect
oxidation via a reforming reaction when non pure hydrogen is used as fuels. While the

cathode reaction in fuel cells is oxygen reduction, in most cases from air.

For the case of a hydrogen/oxygen fuel cell, the overall reaction is:
H, + %02 — H, with AG =237 kJ/mol (2.2)

An equilibrium cell voltage is the difference of the equilibrium electrode potentials of cathode
and anode which are determined by the electrochemical reaction taking place at the respective
electrode:

AV, =AV,_ -AV,, 2.3)

The basic structure of all fuel cells is similar: the cell consists of two electrodes (anode for
fuels and cathode for oxidant) which are separated by the electrolyte and which are connected
in an external & electrically conducting circuit. The electrodes are exposed to gas or liquid
flows to supply the electrodes with fuel or oxidant. The electrodes should be permeable to gas
or liquid via a porous structure, while the electrolyte should possess gas permeability as low
as possible.
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@Analysis of Associated Transport Processes in Fuel Cells@

2.2 Fuel Cell Developments

Several types of fuel cells are currently under development. In general, fuel cells can be
classified according to the type of ionic conductor (electrolyte) they use and the temperature
range at which they operate. Fig. 2.1 provides a brief summary of various types of fuel cells.
Alkali fuel cell (AFC), being used for a long time by NASA on space missions, use alkaline
potassium hydroxide as the electrolyte. In proton exchange membrane fuel cell (PEMFC) and
phosphoric acid fuel cell (PAFC), hydrogen fuel dissociates into free electrons and protons
(positive hydrogen ions). The hydrogen protons migrate through the electrolyte to the cathode.
At the cathode, oxygen from air, electrons from the external circuit and protons combine to

form pure water and heat. All these three types are low temperature fuel cells.

Anode Input Cathode Input
— v
H, —
AFC H,0 0: T=80C
PEEC " 0, T=80C
2
PAFC H,0 T=200C
MCFC H 0; :
CO, T=650TC
CO;
H,0
SOFC HZ 0, T=1000C
+—— H0 l I
Anode Output Cathode Output
Anode Cathode
Electrolyte

Fig. 2.1 Various types of fuel cells

High temperature fuel cells, such as solid oxide fuel cells (SOFCs) and molten carbonate ones
(MCFC) are of particular interest, because operation at high temperatures allows usage of
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‘.2 Fundamentals and Developments of Fuel Cells &5

natural gas as a fuel, and hybrid concepts involving a combination of a fuel cell and a gas
turbine. The overall system efficiency can be significantly increased. Operation at temperature
about 1000°C (conventional, electrolyte-supported design), 700°C (inter-medium temperature,
anode-supported design) and pressures greater than one atmosphere leads to solid oxide fuel
cells (SOFCs) as the obvious choice!). -

In the anode duct, fuel (e.g., Hy) is supplied and air (O,+N,) is introduced in the cathode duct,
and these ducts are separated by the electrolyte/electrode assembly. Reactants are transported
by diffusion and/or convection to the electrode/electrolyte (SOFC) or catalyst/electrolyte
(PEMFC) interfaces, where electrochemical reactions take place. An electrochemical
oxidation reaction at the anode produces electrons that flow through the inter-collector
(bipolar plate, for PEMFC) or inter-connector (for SOFC) to the external circuit, while the
ions pass through the electrolyte to the opposing electrode. The electrons return from the
external circuit to participate in the electrochemical reduction reaction at the cathode. In the
electrochemical reaction process, part of the oxygen is consumed in the cathode duct, while
the hydrogen is consumed in the anode duct. Heat and water (H,O) are only the by-products
during the process. The water generated is injected into the anode duct further along the duct
in SOFCs, while in PEMFC:s it enters into the cathode duct. The electrochemical reactions can
be written as eqs. (2.4a-b) in SOFCs:

1
Cathode reaction 5 0,4+ 2e- =~ O (2.4a)

Anode reaction H, + 0 — H,0+2e- (2.4b)
Equations (2.5a-b) describe the reactions in PEMFCs:
Cathode reaction O, + 4e- + 4H' — 2H,0 (2.52)

Anode reaction H, — 2H" + 2e- (2.5b)

~ The overall reaction is as follows:

1
Hp + 502 - HO (2.6)



