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CHAPTER 1

An Introduction to Fuel Cells

1.1 Introduction

Fuel cells are set to become the power source of the future. The interest in
fuel cells has increased during the past decade due to the fact that the use
of fossil fuels for power has resulted in many negative consequences. Some
of these include severe pollution, extensive mining of the world’s resources,
and political control and domination of countries that have extensive
resources. A new power source is needed that is energy efficient, has low
pollutant emissions, and has an unlimited supply of fuel. Fuel cells are now
closer to commercialization than ever, and they have the ability to fulfill
all of the global power needs while meeting the efficacy and environmental
expectations.

Polymer electrolyte membrane (PEM) fuel cells are the most popular
type of fuel cell, and traditionally use hydrogen as the fuel. PEM fuel cells
also have many other fuel options, which range from hydrogen to ethanol
to biomass-derived materials. These fuels can either be directly fed into the
fuel cell, or sent to a reformer to extract pure hydrogen, which is then
directly fed to the fuel cell.

There are only 30 additional years left of the supply of fossil fuels for
energy use. Changing the fuel infrastructure is going to be costly, but steps
should be taken now to ensure that the new infrastructure is implemented
when needed. Since it is impossible to convert to a new economy overnight,
the change must begin slowly and must be motivated by national govern-
ments and large corporations. Instead of using fossil fuels directly, they can
be used as a “transitional” fuel to provide hydrogen that can be fed directly
into the fuel cells. After the transition to the new economy has begun,
hydrogen can then be obtained from cleaner sources, such as biomass,
nuclear energy, and water. This chapter discusses fuel cell basics and intro-
duces the modeling of fuel cells with the following topics:
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e What is a PEM fuel cell?

e Why do we need fuel cells?

e The history of fuel cells

e Mathematical models in the literature
e Creating mathematical models

These introductory fuel cell topics are discussed to help the reader to appre-
ciate the relevance that fuel cell modeling has in addressing the global
power needs.

1.2 What Is a Fuel Cell?

A fuel cell consists of a negatively charged electrode (anode), a positively
charged electrode (cathode), and an electrolyte membrane. Hydrogen is
oxidized on the anode and oxygen is reduced on the cathode. Protons are
transported from the anode to the cathode through the electrolyte mem-
brane, and the electrons are carried to the cathode over the external circuit.
In nature, molecules cannot stay in an ionic state, therefore they immedi-
ately recombine with other molecules in order to return to the neutral
state. Hydrogen protons in fuel cells stay in the ionic state by traveling
from molecule to molecule through the use of special materials. The protons
travel through a polymer membrane made of persulfonic acid groups with
a Teflon backbone. The electrons are attracted to conductive materials and
travel to the load when needed. On the cathode, oxygen reacts with protons
and electrons, forming water and producing heat. Both the anode and
cathode contain a catalyst to speed up the electrochemical processes, as
shown in Figure 1-1.

A typical PEM fuel cell (proton exchange membrane fuel cell) has the
following reactions:

Anode: H, (g) - 2H" (aq) + 2¢”
Cathode: '40, (g) + 2H" (aq) + 2e- — H,O (1)
Overall: H, (g) + '50, (g) = H,O (1) + electric energy + waste heat

Reactants are transported by diffusion and/or convection to the catalyzed
electrode surfaces where the electrochemical reactions take place. The
water and waste heat generated by the fuel cell must be continuously
removed and may present critical issues for PEM fuel cells.

The basic PEM fuel cell stack consists of a proton exchange membrane
(PEM), catalyst and gas diffusion layers, flow field plates, gaskets and end
plates as shown in Table 1-1: The actual fuel cell layers are the PEM, gas
diffusion and catalyst layers. These layers are “sandwiched” together using
various processes, and are called the membrane electrode assembly (MEA).
A stack with many cells has MEAs “Sandwiched” between bipolar flow
field plates and only one set of end plates.
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electrons @

Hydrogen

®

Water

Catalyst Layer ~ Electrolyte Gas Diffusion Layer
(Carbon supported Layer (Electrically
catalyst) conductive fibers)

FIGURE 1-1. A single PEM fuel cell configuration.

Some advantages of fuel cell systems are as follows:

e Fuel cells have the potential for a high operating efficiency.

There are many types of fuel sources, and methods of supplying fuel
to a fuel cell.

Fuel cells have a highly scalable design.

Fuel cells produce no pollutants.

Fuel cells are low maintenance because they have no moving parts.
Fuel cells do not need to be recharged, and they provide power
instantly when supplied with fuel.

Some limitations common to all fuel cell systems include the
following:

o Fuel cells are currently costly due to the need for materials with
specific properties. There is an issue with finding low-cost replace-
ments. This includes the need for platinum and Nafion material.
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TABLE 1-1
Basic PEM Fuel Cell Components
Component Description Common Types
Proton exchange Enables hydrogen protons to Persulfonic acid membrane
membrane travel from the anode to the (Nafion 112, 115, 117)
cathode.

Catalyst layers  Breaks the fuel into protons and ~ Platinum/carbon catalyst
electrons. The protons combine
with the oxidant to form water
at the fuel cell cathode. The
electrons travel to the load.

Gas diffusion Allows fuel/oxidant to travel Carbon cloth or Toray

layers through the porous layer, while paper

collecting electrons

Flow field plates Distributes the fuel and oxidant Graphite, stainless steel
to the gas diffusion layer

Gaskets Prevent fuel leakage, and helps to  Silicon, Teflon
distribute pressure evenly
End plates Holds stack layers in place Stainless steel, graphite,

polyethylene, PVC

e Fuel reformation technology can be costly and heavy and needs
power in order to run.

e If another fuel besides hydrogen is fed into the fuel cell, the perfor-
mance gradually decreases over time due to catalyst degradation and
electrolyte poisoning.

1.3 Why Do We Need Fuel Cells?

Power traditionally relies upon fossil fuels, which have several limitations:
(1) they produce large amounts of pollutants, (2) they are of limited supply,
and (3) they cause global conflict between regions. Fuel cells can power
anything from a house to a car to a cellular phone. They are especially
advantageous for applications that are energy-limited. For example, power
for portable devices is limited, therefore, constant recharging is necessary
to keep a device working.

Table 1-2 compares the weight, energy, and volume of batteries to a
typical PEM fuel cell. As shown in the Table 1-1, the fuel cell system can
provide a similar energy output to batteries with a much smaller system
weight and volume. This is especially advantageous for portable power
system. Future markets for fuel cells include the portable, transportation
and stationary sectors (basically every sector!). Each market needs fuel cells
for varying reasons, as described in sections 1.3.1 to 1.3.3.
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TABLE 1-2
General Fuel Cell Comparison with Other Power Sources

Weight Energy Volume
Fuel cell 9.51b 2190 Whr 40L
Zinc-air cell 18.51b 2620 Whr 9.0L
Other battery types 24 1b 2200 Whr 95L

1.3.1 Portable Sector

One of the major future markets for fuel cells is the portable sector. There
are numerous portable devices that would use fuel cells in order to power
the device for longer amounts of time. Some of these devices include
laptops, cell phones, video recorders, ipods, etc. Fuel cells will power
a device as long as there is fuel supplied to it. The current trend in elec-
tronics is the convergence of devices, and the limiting factor of these
devices is the amount of power required. Therefore, power devices that can
supply greater power for a longer period of time will allow the development
of new, multifunctional devices. The military also has a need for high-
power, long-term devices for soldiers’ equipment. Fuel cells can easily
be manufactured with greater power and less weight for military applica-
tions. Other military advantages include silent operation and low heat
signatures.

1.3.2 Transportation Market

The transportation market will benefit from fuel cells because fossil fuels
will continue to become scarce, and because of this, there will be inevi-
table price increases. Legislation is becoming stricter about controlling
environmental emissions. There are certain parts of countries that are
passing laws to further reduce emissions and to sell a certain number of
zero emission vehicles annually. Fuel cell vehicles allow a new range of
power use in smaller vehicles and have the ability to be more fuel efficient
than vehicles that are powered by other fuels.

1.3.3 Stationary Sector

Large stationary fuel cells can produce enough electricity to power a house
or business. These fuel cells may also make enough power to sell back to
the grid. This fuel cell type is especially advantageous for businesses and
residences where no electricity is available. Fuel cell generators are also
more reliable than other generator types. This can benefit companies by
saving money when power goes down for a short time.
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1.4 History of Fuel Cells

William Grove is credited with inventing the first fuel cell in 1839'. Fuel
cells were not investigated much during the 1800s and most of the 1900s.
Extensive fuel cell research began during the 1960s at NASA. During the
past decade, fuel cells have been extensively researched and are finally
nearing commercialization.

A summary of fuel cell history is given in Figure 1-2.

The process of using electricity to break water into hydrogen and
oxygen (electrolysis) was first described in 1800 by William Nicholson
and Anthony Carlisle’. William Grove invented the first fuel cell in
1839, using the idea from Nicholson and Carlisle to “recompose water.”
He accomplished this by combining electrodes in a series circuit, with
separate platinum electrodes in oxygen and hydrogen submerged in a dilute
sulfuric acid electrolyte solution. The gas battery, or “Grove cell,” gener-
ated 12 amps of current at about 1.8 volts®. Some of the other individuals
who contributed to the invention of fuel cells are summarized as follows:

1800 W. Nicholson & A. Carlisle described the process of using electricity to break water.
1836 William Grove fuel cell demonstration.
eparate teams: L. Mon . Langer / C. Wright . Thompson/ L. Cailleteton & L. Colardeau
1889 Sep: d& C ger / C. Wright & C. Thompson/ L. Caill & L. Colard
performed various fuel cell experiments.
1893 F. Ostwald describes roles of fuel cell components.
1896 W. Jacques constructed a carbon battery.
1E9%'gy E. Baur and students conducted experiments on high temperature devices.
's
1960s T. Grubb & L. Niedrach invented PEMFC technology at GE.
1990s -
Present Worldwide extensive fuel cell research on all fuel cell types.

FIGURE 1-2. The history of fuel cells.
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e Friedrich Wilhelm Ostwald (1853-1932), one of the founders of
physical chemistry, provided a large portion of the theoretical under-
standing of how fuel cells operate. In 1893, Ostwald experimentally
determined the roles of many fuel cell components®.

e Ludwig Mond (1839-1909) was a chemist who spent most of his
career developing soda manufacturing and nickel refining. In 1889,
Mond and his assistant Carl Langer performed numerous experi-
ments using a coal-derived gas. They used electrodes made of thin,
perforated platinum and had many difficulties with liquid electro-
lytes. They achieved 6 amps per square foot (the area of the elec-
trode) at 0.73 volt’.

e Charles R. Alder Wright (1844-1894) and C. Thompson developed
a similar fuel cell around the same time. They had difficulties in
preventing gases from leaking from one chamber to another. This
and other causes prevented the battery from reaching voltages as
high as 1 volt. They thought that if they had more funding, they
could create a better, robust cell that could provide adequate elec-
tricity for many applications®.

e Louis Paul Cailleteton (1832-1913) and Louis Joseph Colardeau
(France) came to a similar conclusion but thought the process was
not practical due to needing “precious metals.” In addition, many
papers were published during this time saying that coal was so
inexpensive that a new system with a higher efficiency would not
decrease the prices of electricity drastically’.

e William W. Jacques (1855-1932) constructed a “carbon battery” in
1896. Air was injected into an alkali electrolyte to react with a
carbon electrode. He thought he was achieving an efficiency of 82%
but actually obtained only an 8% efficiency®.

e Emil Baur and students (1873-1944) (Switzerland) conducted many
experiments on different types of fuel cells during the early 1900s.
Their work included high-temperature devices and a unit that used
a solid electrolyte of clay and metal oxides’.

e Thomas Grubb and Leonard Niedrach invented PEM fuel cell tech-
nology at General Electric in the early 1960s. GE developed a small
fuel cell for the U.S. Navy’s Bureau of Ships (Electronics Division)
and the U.S. Army Signal Corps. The fuel cell was fueled by hydro-
gen generated by mixing water and lithium hydride. It was compact,
but the platinum catalysts were expensive.

NASA initially researched PEM fuel cell technology for Project Gemini
in the early U.S. space program. Batteries were used for the preceding
Project Mercury missions, but Project Apollo required a power source that
would last a longer amount of time. Unfortunately, the first PEM cells
developed had repeated difficulties with the internal cell contamination
and leakage of oxygen through the membrane. GE redesigned their fuel cell,
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and the new model performed adequately for the rest of the Gemini flights.
The designers of Project Apollo and the Space Shuttle ultimately chose to
use alkali fuel cells.

GE continued to work on PEM fuel cells in the 1970s, and designed
PEM water electrolysis technology, which led to the U.S. Navy Oxygen
Generating Plant. The British Royal Navy used PEM fuel cells in the early
1980s for their submarine fleet, and during the past decade, PEM fuel cells
have been researched extensively by commercial companies for transporta-
tion, stationary, and portable power markets.

Based upon the research, development, and advances made during
the past century, technical barriers are being resolved by a world network
of scientists. Fuel cells have been used for over 40 years in the space
program, and the commercialization of fuel cell technology is rapidly
approaching.

1.5 Mathematical Models in the Literature

Fuel cell modeling is helpful for fuel cell developers because it can lead
to fuel cell design improvements, as well as cheaper, better, and more
efficient fuel cells. The model must be robust and accurate and be able
to provide solutions to fuel cell problems quickly. A good model should
predict fuel cell performance under a wide range of fuel cell operating
conditions. Even a modest fuel cell model will have large predictive power.
A few important parameters to include in a fuel cell model are the cell,
fuel and oxidant temperatures, the fuel or oxidant pressures, the cell
potential, and the weight fraction of each reactant. Some of the pa-
rameters that must be solved for in a mathematical model are shown in
Figure 1-3.

The necessary improvements for fuel cell performance and operation
demand better design, materials, and optimization. These issues can only
be addressed if realistic mathematical process models are available. There
are many published models for PEM fuel cells in the literature, but it is
often a daunting task for a newcomer to the field to begin understanding
the complexity of the current models. Table 1-3 shows a summary of
equations or characteristics of fuel cell models presented in recent
publications.

The first column of Table 1-3 shows the number of dimensions the
models have in the literature. Most models in the early 1990s were one
dimensional, models in the late 1990s to early 2000s were two dimensional,
and more recently there have been a few three dimensional models for
certain fuel cell components. The second column specifies that the model
can be dynamic or steady-state. Most published models have steady-state
voltage characteristics and concentration profiles. The next column of
Table 1-3 presents the types of electrode kinetic expressions used. Simple
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V: Voltage
i- Current Oxygen Properties
@ electrons @ P: pressure
T_02: temperature
Anode Cathode X_02: mole fraction of oxygen
U: velocity

M: molar flow rate
Hydrogen

C33—>
X §
®

Catalyst Layer  Electrolyte Gas Diffusion

Hydrogen Properties

(Carbon supported  Layer Layer (Electrically
catalyst) conductive fibers) Water Properties
P: pressure
X*HZ_: mole fraction Material Properties (for each layer) P: pressure
T_H2: temperature .
— | . - T_H20: temperature
X_H20(l): mole fraction of liquid water . _ . -
X N T: temperature X_H20(l): mole fraction of liquid water
X_H20(v): mole fraction of water vapor . . - - ) N
U- velocit K: electrical or ionic conductivity X_H20(v): mole fraction of water vapor
M" molar :éow rate K: thermal conductivity U: velocity
. E: void fraction M: molar flow rate
Rho: density
A: area

T: thickness

FIGURE 1-3. Parameters that must be solved for in a mathematical model.

Tafel-type expressions are often employed. Certain papers use Butler-
Volmer-type expressions, and a few other models use more realistic,
complex multistep reaction kinetics for the electrochemical reactions. The
next column compares the phases used for the anode and cathode struc-
tures. It is well known that there are two phases (liquid and gas) that coexist
under a variety of operating conditions. Inside the cathode structure, water
may condense and block the way for fresh oxygen to reach the catalyst
layer.

An important feature of each model is the mass transport descriptions
of the anode, cathode, and electrolyte. Several mass transport models are
used. Simple Fick diffusion models and effective Fick diffusion models
typically use experimentally determined effective transport coefficients
instead of Fick diffusivities, and do not account for convective flow contri-
butions. Therefore, many models use Nernst-Planck mass transport expres-
sions that combine Fick’s diffusion with convective flow. The convective
flow is typically calculated from Darcy’s law using different formulations
of the hydraulic permeability coefficient. Some models use Schlogl’s for-
mulations for convective flow instead of Darcy’s law, which also accounts



TABLE 1-3

Comparison of Recent Mathematical Models

No. of Dyn/SS Anode and Anode and Mass Mass Membrane Energy
Dimensions Cathode Cathode Phase ‘Transport Transport Swelling Balance
Kinetics (Anode and (Electrolyte)
Cathode)
one Dynamic or Tafel-type Gas, liquid, Effective Nernst-Planck Empirical or Isothermal or
dimension, steady- expressions, combination Fick’s + Schlogl, thermodynamic full energy
two state Butler- of gas and diffusion, Nernst- models balance
dimension, Volmer, liquid Nernst- Planck +
or three complex Planck, drag
dimension kinetics Nernst- coefficient,
equations Planck + Maxwell-
Schlogl, Stefan,
Maxwell- Effective
Stefan Fick’s

diffusion
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for electroosmotic flow, and can be used for mass transport inside the PEM.
A very simple method of incorporating electroosmotic flow in the mem-
brane is by applying the drag coefficient model, which assumes a proportion
of water and fuel flow to proton flow. Another popular type of mass trans-
port description is the Maxwell-Stefan formulation for multicomponent
mixtures. This has been used for gas-phase transport in many models, but
this equation would be better used for liquid-vapor-phase mass transport.
Very few models use this equation for both phases. Surface diffusion models
and models derived from irreversible thermodynamics are seldom used.
Mass transport models that use effective transport coefficients and drag
coefficients usually only yield a good approximation to experimental data
under a limited range of operating conditions.

The second to last column of Table 1-3 shows that the swelling of
polymer membranes is modeled through empirical or thermodynamic
models for PEM fuel cells. Most models assume a fully hydrated PEM. In
certain cases, the water uptake is described by an empirical correlation, and
in other cases a thermodynamic model is used based upon the change of
Gibbs free energy inside the PEM based upon water content.

The last column notes whether the published model includes
energy balances. Most models assume an isothermal cell operation and
therefore have no energy balances included. However, including energy
balance equations is an important parameter in fuel cell models because
the temperature affects the catalyst reactions and water management in
the fuel cell.

A model is only as accurate as its assumptions allow it to be. The
assumptions need to be well understood in order to understand the model’s
limitations and to accurately interpret its results. Common assumptions
used in fuel cell modeling are:

Ideal gas properties

Incompressible flow

Laminar flow

Isotropic and homogeneous electrolyte, electrode, and bipolar mate-
rial structures

A negligible ohmic potential drop in components

e Mass and energy transport is modeled from a macroperspective
using volume-averaged conservation equations

The concepts presented in this chapter can be applied to all fuel cell types,
regardless of the fuel cell geometry. Even simple fuel cell models will
provide tremendous insight into determining why a fuel cell system per-
forms well or poorly. The physical phenomenon that occurs in a fuel cell
can be represented by the solution of the equations presented throughout
the book, especially in Chapters 2 through 11.
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1.6 Creating Mathematical Models

The basic steps used for creating a mathematical model are the same regard-
less of the system being modeled. The details vary somewhat from method
to method, but an understanding of the common steps, combined with the
required method, provides a framework in which the results from almost
any method can be interpreted and understood. The basic steps of the
model-building process are:

1. Model selection
2. Model fitting
3. Model validation

These three basic steps are used iteratively until an appropriate model for the
data has been developed. In the model selection step, plots of the data, process
knowledge, and assumptions about the process are used to determine the
form of the model to be fit to the data. Then, using the selected model and
data, an appropriate model-fitting method is used to estimate the unknown
parameters in the model. When the parameter estimates have been made, the
model is then carefully assessed to see if the underlying assumptions of the
analysis appear reasonable. If the assumptions seem valid, the model can be
used to answer the scientific or engineering questions that initiated the mod-
eling effort. If the model validation identifies problems with the current
model, however, then the modeling process is repeated using information
from the model validation step to select and/or fit an improved model.

1.6.1 A Variation on the Basic Steps

The three basic steps of process modeling assume that the data have already
been collected and that the same data set can be used to fit all of the can-
didate models. Although this is often the case in model-building situations,
one variation on the basic model-building sequence comes up when addi-
tional data are needed to fit a newly hypothesized model based on a model
fit to the initial data. In this case, two additional steps—experimental
design and data collection—can be added to the basic sequence between
model selection and model-fitting. Figure 1-4 shows the basic model-fitting
sequence with the integration of the related data collection steps into the
model-building process.

Considering the model selection and fitting before collecting the initial
data is also a good idea. Without data in hand, a hypothesis about what the
data will look like is needed in order to guess what the initial model should
be. Hypothesizing the outcome of an experiment is not always possible, but
efforts made in the earliest stages of a project often maximize the efficiency
of the whole model-building process and result in the best possible models
for the process. The remainder of this book is devoted to the background
theory and modeling of the fuel cell layers to help one to better understand
the fuel cell system, and to create an accurate overall fuel cell model.
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v
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FIGURE 1-4. Model-building sequence.

Chapter Summary

While the fuel cell is a unique and fascinating system, accurate system
selection, design, and modeling for prediction of performance are needed
to obtain optimal performance and design. In order to make strides in per-
formance, cost, and reliability, one must possess an interdisciplinary under-
standing of electrochemistry, materials, manufacturing, and mass and heat
transfer. The remaining chapters in this book will provide the necessary
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bases in these areas in order to create models to provide the required fuel
cell information and predictions in order to improve fuel cell designs.

Problems

e Describe the differences between a fuel cell and a battery.

William Grove is usually credited with the invention of the fuel cell. In

what way does his gaseous voltaic battery represent the first fuel cell?

Describe the functions of each layer in a fuel cell stack.

Briefly describe the history of PEM fuel cells.

Why does society need fuel cells, and what can they be used for?

What type of kinetics and mass transport equations would you use to

model a PEM fuel cell stack operating at 80°C?

e What type of kinetics and mass transport equations would you use to
model an air-breathing PEM fuel cell stack operating at 22.°C?

Endnotes

[1] Collecting the History of Fuel Cells. Smithsonian Institution. Last updated
December 2005. Available at: http://americanhistory.si.edu/fuelcells/index
.htm. Accessed September 15, 2006.
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Ibid.

Ibid.
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CHAPTER 2

Fuel Cell Thermodynamics

2.1 Introduction

Thermodynamics is the study of energy changing from one state to another.
The predictions that can be made using thermodynamic equations are
essential for understanding and modeling fuel cell performance since fuel
cells transform chemical energy into electrical energy. Basic thermody-
namic concepts allow one to predict states of the fuel cell system, such
as potential, temperature, pressure, volume, and moles in a fuel cell. The
specific topics to be covered in this chapter are:

Enthalpy

Specific heats

Entropy

Free energy change of a chemical reaction
Fuel cell reversible and net output voltage
Theoretical fuel cell efficiency

The first few concepts relate to reacting systems in fuel cell analysis:
absolute enthalpy, specific heat, entropy, and Gibbs free energy. The abso-
lute enthalpy includes both chemical and sensible thermal energy'. Chem-
ical energy or the enthalpy of formation (hy) is associated with the energy
of the chemical bonds, and sensible thermal energy (Ah,) is the enthalpy
difference between the given and reference state. The next important prop-
erty is specific heat, which is a measure of the amount of heat energy
required to increase the temperature of a substance by 1°C (or another
temperature interval). Entropy is another important concept, which is a
measure of the quantity of heat that shows the possibility of conversion
into work. Gibbs free energy is the amount of useful work that can be
obtained from an isothermal, isobaric system when the system changes
from one set of steady-state conditions to another. The maximum fuel cell
performance is then examined through the reversible voltage. The net
output voltage is the actual fuel cell voltage after activation, ohmic, and
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concentration losses (which are explained in more detail in Chapters 3-5).
Finally, the maximum efficiency of fuel cells is examined and demon-
strated.

2.2 Enthalpy

When analyzing thermodynamic systems, the sum of the internal energy
(U) and the product of pressure (P) and volume (V) appears so frequently
that it has been termed “enthalpy” (H), and is denoted as™:

H=U+pV (2-1)

The values for the internal energy and enthalpy can be obtained from
thermodynamic tables when the temperature and pressure are known.
When dealing with two-phase liquid-vapor mixtures (as in fuel cells), the
specific internal energy and specific enthalpy can be calculated by Equa-
tions 2-1 and 2-3, respectively:

u=(1 - xus + xu, = s + x(uy, — wy (2-2)
h = (1 — x)h¢ + xh, = h; + x(h, — hy) (2-3)
Sometimes the increase in enthalpy during vaporization (h, — hy) is

calculated under the heading hy. The use of Equations 2-1 and 2-2 is
illustrated in Example 2-1.

EXAMPLE 2-1: Calculating the Enthalpy of Water

Water is in a state with a pressure of 1 psi and a temperature of
100°C.
(a) Calculate the enthalpy.
From Appendix H, v = 1.696 m?®/kg and u = 2506.7 kJ/kg, then:

H=U+pV
3
H= 2506.7k—1+(6894.76£j 16960 | LK
kg m? kg \10°N-m
kj
H=2506.7+11.69=2518.4—
kg

Using MATLAB to solve:
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%% Yo %o %o %o Yo YooY %o Yo Yo Yo Yo Yo Yo Yo Yoo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo
% EXAMPLE 2-1: Calculating the Enthalpy of Water

% UnitSystem Sl

%% Yo %o %o %o %o Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

V =1.696; % Specific Volume (m®Kkg)

U =2506.7; % Specific Internal Energy (kJ/kg)

% Conversions

% 1 psi = 6894.76 N/m"2

% 1 kd = 1000 N*m

P = 6894.76/1000; % Conversion to get to the correct units
H=U+p=*V

(b) If the water is heated to 80°C, calculate the enthalpy with a
specific internal energy of 400 kJ/kg:

Looking at Appendix H, the given internal energy value falls between
usand u, at 80°C, therefore, the state is a two-phase liquid-vapor mixture.
The quality of the mixture can be found from Equation 2-2 as follows:

__u-u; _400-334.86 _ 65.14

= = =0.0313
u,—u 2482.2-400 2082.2

With the values from Appendix H:
h = (1 — x)h; + xh,
h=(1-0.0313)%334.91 + 0.0313%2643.7

h=324.43+82.75= 407.1411<<—]
8

% Inputs

U = 400; % Specific Internal Energy (kJ/kg)
Uf = 334.86;

Ug = 2482.2;

Hf = 334.91;

Hg = 2643.7;

X = (u — uf)/(ug — u)

H = ((1 — x) *hf) + (x*hg)
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The tables for specific internal energy and enthalpy data are given in
Appendices H-J. The values of u, h, and s were not obtained directly from
measurements but were calculated from other data that were more easily
obtained from experiments. When using these properties with energy bal-
ances (see Chapter 6), the differences between the values at each state are
more important than the actual values.

The enthalpy of formation for a substance is the amount of heat
absorbed or released when one mole of the substance is formed from its
elemental substances at the reference state. The enthalpy of substances
in their naturally occurring state is defined as zero at the reference state
(reference state is typically referred to as Ty = 25°C and P, = 1 atm). For
example, hydrogen and oxygen at reference state are diatomic molecules
(Hy and O,) and, therefore, the enthalpy of formation for H, and O, at
Tws = 25°C and P, = 1 atm is equal to zero. The enthalpy of formation is
typically determined by laboratory measurements, and can be found in
various thermodynamic tables. Appendix B lists some values for the most
common fuel cell substances.

2.3 Specific Heats

Another property that is important in thermodynamics and the study of
fuel cells are the specific heats—which are useful when using the ideal gas
model, which is introduced in Equation 2-12. The specific heats (or heat
capacities) can be defined for pure, compressible substances as the partial
derivatives of u(T,v) and h(T,p):

Ju
=— 2-4
Cv=or ) (2-4)

Jh
- 2-5
=T (2-5)

p

where v and p are the variables that are held constant when differentiating.
¢, is a function of v and T, and c, is a function of T and p. The specific heat
is available in many thermodynamic property tables, and Appendices C, D,
and E show the specific heats for some of the common fuel cell substances.
These values are obtained through spectrographic measurements, or through
exacting property measurements. The ratio of the heat capacities is called
the specific heat ratio (k), and can be defined by:

k = Z—P (2-6)
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Specific Heat as a Function of Temperature
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FIGURE 2-1. Specific heat values for hydrogen, oxygen, and water as a function of
temperature.

The values c,, c,, and k are all very usual in thermodynamics and
energy balances (see Chapter 6 because they relate the temperature change
of a system to the amount of energy added by heat transfer). The specific
heat values for hydrogen, oxygen, and water as a function of temperature
are shown in Figure 2-1.

The values for v, u, and h can be obtained at liquid states using satu-
rated liquid data. In order to simplify evaluations involving liquids and
solids, the specific volume is often assumed to be constant and the specific
internal energy is assumed to vary only with temperature. When a sub-
stance is defined in this manner, it is called “incompressible.” Because
the values for v, u, and h vary only slightly with changes in pressure at a
fixed temperature, the following can be assumed for most engineering
calculations:

v(T,p) = v{(T) (2-7)
u(T,p) = uqT) (2-8)
Therefore, substituting these back into Equation 2-1, after deriving:

h(T,p) = ug(T) + pvi(T) = he(T) + vi(T)[p — peae(T)] (2-9)
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When a substance is modeled as incompressible, the specific heats are
assumed to be equal, ¢, = c,. The changes in specific internal energy and
specific enthalpy between two states are a function of temperature and can
be calculated using the specific heat at a constant temperature:

Ty
w -y = e [T)dT (2-10)
T

Ty
h,—hy= [¢(TIT +v(p, —pi) (2-11)
T

where c,(T) is the specific heat at a constant pressure.
The temperature/pressure/specific volume relationship for gases at
many states can be given approximately by the ideal gas law:

pv=RT (2-12)
where p is the pressure, v is the specific volume, T is the temperature, and
R is the ideal gas constant. With v = V/n, the more familiar version of the
equation can be expressed as:

pV = nRT (2-13)

When the ideal gas model is used, the specific internal energy and
specific enthalpy depend only upon temperature; therefore:

Wy(Th)—wy(Th) = TCV(T)dT (2-14)

hy(To) = hy(Th) = TCP(T)dT (2-15)

The relationship between the ideal gas—specific heats can be expressed

by:
c(T)=c,(T) + R (2-16)

There are several alternative specific heat equations that are avail-
able in the literature. One that is easy to integrate is the polynomial
form:

Cc

Ep=a+[3T+yT2+6T3+sT4 (2-17)
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The values for o, B8, 7, 6, and ¢ are listed in many thermodynamics
texts, and can be found on the NIST website. Specific heats are painstak-
ingly obtained from property measurements. Using the ideal gas tables,
enthalpy can be obtained from:

T
Aht=hyeg 5+ J Ac,dT (2-18)

298.15

where h,og 5 is the enthalpy at a reference temperature. The specific heat
is available in many thermodynamic property tables, and Appendices D
through F show the specific heats for some of the common fuel cell sub-
stances. The average specific heat can be approximated as a linear function
of temperature:

c, = cp(ﬂj (2-19)

where c, is the average specific heat at a constant pressure, T is the given
temperature, and T, = 25°C.
The enthalpy of dry gas is

h, = Cygt (2-20)

where h, is the enthalpy of dry gas, J/g, C,, is the specific heat of gas, J/gK,
and T is the temperature in°C.
When dealing with two-phase liquid-vapor mixtures, Equations 2-16
through 2-20 are useful. The enthalpy of the water vapor is
h, = ¢yt + hy, (2-21)

where hy, is the heat of evaporation, 2500 J/g at 0°C. Enthalpy of the moist
gas is then:

hy, = cpet + X(Cpyt + hyy) (2-22)

and the unit is J/g dry gas.
The enthalpy of liquid water is

hy = Cput (2-23)

If the gas contains both water and vapor, the enthalpy can be found

by:

hyy = cpet + Xy[Cpet + hgy) + XCput (2-24)
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where x, is the water vapor content and x,, is the liquid water content. The
total water content thus is

X=X, + Xy (2-25)

Air going into the cell is typically humidified to prevent drying of the
membrane near the cell inlet. Air enters the cell relatively dry. At lower
temperatures, smaller amounts of water are required to humidify the cell
than at higher temperatures. As the cell’s air is heated up and the pressure
increases, it needs more and more water.

EXAMPLE 2-2: Calculating the Enthalpy of H,, O,, and Water

Determine the absolute enthalpy of H,, O,, and water (H,0O) at the pres-
sure of 1 atm at a temperature of (a) 25°C using Appendix F, (b) 80°C
using Appendix F, and (c) 300 to 1000 K using increments of 50, using
Equation 2-17. (d) Plot the hydrogen and oxygen enthalpy as a function
of temperature. Calculate the absolute enthalpy for the vapor and liquid
form if applicable.

(a) For T =25°C =298 K, from Appendix F, the enthalpy of forma-
tion at 25°C and 1 atm is hfy, = 0, hfo, = 0, hfioy = —285,826
(J/mol), hipyo) = —241,826 (J/mol).

(b) For T =80°C =353 K, the average temperature is (298 + 353)/2
=325.5 K. From Appendix D, after interpolation and converting
to a per mol basis:

Corn =14.3682 1:;{ x 2.016% = 28.9663kn121K
Chon= 0.92311(1‘?]K x 31.999 ki;gol - 29‘5383@11{({11(
Cormo = 33.8638 1<n1211<
For liquid water from Appendix E:
Cpmopn = 4.1 821;;{ x18.015 ki;gol =75.3403 krrlfc])lK

Using MATLAB, the inputs are:
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%%6%0 %0 %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 2-2: Calculating the Enthalpy of H2, 02, and Water
% UnitSystem SI

%% %6 %0 %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

T = 353; % Temperature (K)

T_ref = 298; % Reference Temperature (K)
T_av = (T + T_ref)/2; % Average Temperature (K)
m_H2 = 2.016; % Moles of Hydrogen

m_02 = 31.999; % Moles of Oxygen

m_H20 = 18.015; % Moles of H20

hf_H2 = 0; % Enthalpy at standard state
hf_0O2 = 0; % Enthalpy at standard state

hf_H20I = -285826; % Enthalpy at standard state of water in liquid phase(J/mol)
hf_H20g = -241826; % Enthalpy at standard state of water in gas phase(J/mol)

%%% %0 %0 %0 %o %o %o %o %o %o %o %o %0 %0 %0 %0 Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o %0 %0 Y0 Y0 %o

One method of obtaining the interpolated specific heat values is
using MATLAB’s “interpl” function. The columns in the tables in
Appendices D and E can be put into MATLAB as vectors, and the
“interpl” function will interpolate between data points to get the
required value. This is shown in MATLAB by:

% Interpolate values from Appendix D

T_table = [250 300 350 400 450 500 550 600 650 700 750 800 900 1000];

Cp_H2_table =[14.051 14.307 14.427 14.476 14.501 14.513 14.530 14.546 14.571
14.604 14.645 14.695 . .. 14.822 14.983];

Cp_02_table =[0.913 0.918 0.928 0.941 0.956 0.972 0.988 1.003 1.017 1.031 1.043
1.054 1.074 1.090];

Cp_H20g_table = [33.324 33.669 34.051 34.467 34.914 35.390 35.891 36.415
36.960 37.523 38.100 . . . 38.690 39.895 41.118];

% From Appendix E

T_table2 = 273:20:4583;
Cp_H20I_table =[4.2178 4.1818 4.1784 4.1843 4.1964 4.2161 4.250 4.283 4.342
4.417];

% Calculate specific heats (KJ/kgK)

Cp_H21 = interp1(T_table,Cp_H2_table,T_av);
Cp_021 = interp1(T_table,Cp_0O2_table, T_av);
Cp_H20g1 = interp1(T_table,Cp_H20g_table,T_av);
Cp_H20I1 = interp1(T_table2,Cp_H20I_table,T_av);
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% Convert to a per mole basis

Cp_H2 = Cp_H21 xm_H2;
Cp_02 = Cp_021+m_02;
Cp_H20g = Cp_H20gT{;
Cp_H20I = Cp_H20I1 #m_H20;

The absolute enthalpy is determined as follows:

hip = i + CprnT — Tl = 0+28.954 % (353 — 298) = 1593.1L1
mo

hos = hop + € sl T — Thet) = 0+ 29.535 x (353 — 298) = 1624.6L1
mo

thom = hf,HZO(I] + Cp,HZO(I)(T — Tref) = _285,826 +75.321 % (353 — 298)

= —281,680.0L
mol

hHZO(g) = hf,HZO(g) + Cp,HZO(g](T — Tref) = —241,826 + 33845 X (353 — 298)

= —239,960.0L
mol

% Determine absolute enthalpy

h_H2 = hf_H2 + Cp_H2:* (T — T_ref)

h_02 = hf_ 02 + Cp_02:(T — T_ref)

h_H20I = hf_H20I + Cp_H20I (T — T_ref)
h_H20g = hf_H20g + Cp_H20g* (T — T_ref)

(c) Inserting Equation 2-17 into Equation 2-18, and integrating with
respect to temperature, yields:

Ty
hy—h; =R [o+BT+yT? +6T° +£T*

Ti
hy —h, = R[am—wgm —T%)+gth—T%)+%(Ta—ng(Ta—Tﬁ)}

One very useful feature of using a programming language to obtain
the solution to problems is the ability to perform numerous calculations
simultaneously. The solution to (c) can be made simple in MATLAB using
“loops.” Loops enable the programmer to repeat a calculation for a number
of inputted values. In this particular calculation, the enthalpies will be
found for a temperature range of 300 to 1000 K, with increments of 50.

Using MATLAB, the inputs are:
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%% %0 % %0 %0 %o % %0 %o %o %0 %0 %o %o %o Y0 Yo Yo %o Yo Yo Yo %o Yo Yo Yo %0 Yo Yo Yo %0 Yo %o

% EXAMPLE 2-2: Calculating the Enthalpy of H2, 02,
and Water

% UnitSystem SI
%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Inputs
R = 8.314; % ldeal Gas Constant
T =300:50:1000; % Temperature range from 300 K to 1000 K with increments

of 50
Create the temperature loop:

% Create Temperature Loop

| =0; % Initialization of loop variable

for T =300:50:1000; % Temperature range from 300 K to 1200 K with
increments of 50

I=1+1; % Loop variable

The enthalpy calculations are in the temperature loop:

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Enthalpy Calculations

% %% %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% Hydrogen enthalpy calculations

hf_h =0; % Hydrogen enthalpy at the standard state

hs_h = R (((3.057 = T) + ((1/2) *2.677E-3 * TA2) — ((1/3) #*5.810E-6 + TA3) +
((1/4) x5.521E-9* TA4) — ((1/5) # 1.812E-..12: TA5)) — (3.057 %298 +
((1/2) % 2.677E-3%298/2) — ((1/3) *5.810E-6 %298"3) + ((1/4) *5.521E-9%298"4) —
((1/5) *1.812E-12 % 29815)));

H_hydrogen = (hf_h + hs_h); % Enthalpy of Hydrogen

%% Yo %o %o %o %o Yo o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Oxygen enthalpy calculations

hf_o =0; % Oxygen enthalpy at the standard state

hs_o = R=(((3.626+T) — ((1/2) *1.878E-3*T"2) + ((1/3) *7.055E-6 * TA3) —
((1/4) #6.764E-9+TN4) + ((1/5) #2.156E-12+TA5)) — (3.626+298 —
((1/2) % 1.878E-3+298/2) + ((1/3) * 7.055E-6 +29813) — ((1/4) * 6.764E-9 + 298/4) +
((1/5) *2.156E-12 % 29815)));

H_oxygen = (hf_o + hs_o); % Enthalpy of Oxygen
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%% %o %o Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Water enthalpy calculations

hf_w = -241820; % Water enthalpy at the standard state

hs_w = R*(((4.070*T) — ((1/2) *1.108E-3* TA2) + ((1/3) *4.152E-6 * TA3) —
((1/4) #2.964E-9%TA4) + ((1/5) #0.807E-12 x TA5)) — (4.070%298) —
((1/2) % 1.108E-3298"2) + ((1/3) #4.152E-6 +298"3) — ((1/4) *2.964E-9 x 298"4) +
((1/5) *0.807E-12 % 29815));

H_water = (hf_w + hs_w) % Enthalpy of Water

%%%%0 %0 %0 %o %o %o %o Yo Yo %o %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o %0 %0 %o Yo Yo

In order to save the new calculated values at each temperature, new
variables have to be created as follows:

%%0% %0 %0 %o %o %o %o %o Yo Yo %o %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o %0 %o Yo Yo

% Create new variables to save the new calculated values for
hydrogen, oxygen, and water enthalpy at each temperature
increment

Hydrogen_Enthalpy(i) = H_hydrogen;
Oxygen_Enthalpy(i) = H_oxygen;
Water_Enthalpy(i) = H_water;
Temperature(i) = T;

end % End Loop

(d) The following MATLAB code can be used to plot the hydrogen
and oxygen enthalpy as a function of temperature:

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(Temperature,Hydrogen_Enthalpy, Temperature,Oxygen_Enthalpy);
title(‘Hydrogen and Oxygen Enthalpies’,'‘FontSize’,12,‘FontWeight’,'Bold’)
xlabel(‘Temperature (K)’,'FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Hydrogen and Oxygen Enthalpies (KJ/kg)’,'FontSize’,12,'‘FontWeight’,'Bold’);
set(hdlp,‘'LineWidth’,1.5);

grid on;

The hydrogen and oxygen enthalpies as a function of temperature are
plotted in Figure 2-2. Another simple method of accomplishing this is
MATLAB is through airways and matrices. There will be many examples
throughout this book that will use this method.

Example 2-2 shows that as the temperature increases, the specific heat
at constant temperature increases very slowly. Specific heat is a very weak
function of temperature. The increase in specific heat is the smallest for
H,, which is the smallest molecule in the periodic table compared with all
of the other elements.



Fuel Cell Thermodynamics 27

- 10" Hydrogen and Oxygen Enthalpies

. T T T T T T
B e e A

Y- S N S A (A

Hydrogen and Oxygen Enthalpies (KJ/kg)

| : i
0 2 2 . . 2 2
300 400 500 600 700 800 900 1000
Temperature (K)

FIGURE 2-2. Hydrogen and oxygen enthalpies as a function of temperature.

2.4 Entropy

Entropy can be defined loosely as the amount of “disorder” in a system,
and can be expressed as:

2
sz-m:[j%Q} (2-26)

This is valid for any reversible process that links two states. Entropy
is calculated in the same way that enthalpy was calculated—using the
properties v, u, and h.

When dealing with two-phase liquid-vapor mixtures as in fuel cells,
the specific entropy can be calculated in the same manner as enthalpy:

s = (1 — x)s; + X8, = 8¢ + X[s, — 84 (2-27)
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EXAMPLE 2-3: Calculating the Entropy of Water

If the water is heated to 80°C, calculate the entropy with a specific
internal energy of 400 kJ/kg:

Looking at Appendix B, the given internal energy value falls between
u;and u, at 80°C; therefore, the state is a two-phase liquid-vapor mixture.
The quality of the mixture can be found from Equation 2-2 as follows:

_u-u; _400-334.86  65.14

X = = = =0.0313
u,—u 2482.2-400 2082.2

With the values from Appendix B:
s = (1 — x)s; + xs,
s=(1-0.0313)%1.0753 + 0.0313*7.6122

kJ

h=1.0417+0.2381=1.2798
kgK

Using MATLAB to solve:

%%0% %0 %o %o %o %o Yo Yo Yo Yo %o %o %0 Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% EXAMPLE 2-3: Calculating the Entropy of Water

% UnitSystem Sl

%%6%0 %0 %o %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs (From Appendix B)

U =400; % Specific Internal Energy (kJ/kg)
Uf = 334.86;

Ug = 2482.2;

Sf=1.0753;

Sg =7.6122;

% %% %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate the mole fraction of the mixture

X = (u — uf)/(ug — u)

% Calculate the enthalpy

S = ((1 — x) *sf) + (x*sQ)




Fuel Cell Thermodynamics 29

Like enthalpy, the values for v, u, and h vary only slightly with
changes in pressure at a fixed temperature; therefore, the following can be
assumed for most engineering calculations:

s(T,p) = s(T) (2-28)

When a pure, compressible system undergoes an internally reversible
process in the absence of gravity and overall system motion, an energy
balance can be written as:

Qintrey = AU + Wit rey (2-29)
In a simple compressible system, the work can be defined as:
Winirey = p-dV (2-30)
Substituting equations 2-30 into 2-29, one obtains:
TdS = dU — pdV (2-31)

Another useful equation can be obtained by substituting equation
2-1:

TdS = dH - Vdp (2-32)

Although these equations have been obtained by considering an inter-
nally reversible process, the entropy change calculated by these equations
is valid for the change in any process of the system, reversible or irrevers-
ible, between two equilibrium states.

When the ideal gas model is used, the specific entropy depends
only upon temperature and can be derived from Equations 2-31 and 2-32,
therefore:

b dT Vo

53(Ty, Vo) = 8(T;, vi] = [ e,[T) =+ RIn == (2-33)
T T Vi
t dT P2

$o(Ty, po) —si(Ty, pi) = jcp(T)? +RIn— (2-34)
T pl

Like enthalpy, the entropy can be obtained from using the ideal gas
tables:

T
AST =S908.15 1 j ACPdT (2-35)

298.15

where sy415 is the entropy at a reference temperature.
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EXAMPLE 2-4: Calculating the Entropy of H,, O,, and Water

Determine the absolute entropy of H,, O,, and water (H,O) at the pres-
sure of 1 atm at a temperature of 300 to 1000 K using increments of 50,
using Equation 2-17. Plot the hydrogen and oxygen enthalpy as a func-
tion of temperature. Calculate the absolute enthalpy for the vapor and
liquid form if applicable.

(a) As seen previously, the specific heat can be calculated by:

CE":oz+ﬁT+7/T2+(‘5T3+£T4

Inserting Equation 2-17 into Equation 2-34 and integrating with
respect to temperature yields:

Ty
SZ_SIZRJ

T

2 3 4
[a+ﬁT+yTT+5T +€T )dT,

5y —51= R[a In22 + BT, - T)+ LT3 - T+ T3 - T9+ £(T4 - Ta*)}
T 2 3 4

As shown previously in Example 2-2, a very useful feature of using
a programming language to obtain the solution to problems is the ability
to perform numerous calculations simultaneously. This solution is again
obtained in MATLAB using “loops.” Loops enable the programmer to
repeat a calculation for a number of inputted values. In this particular
calculation, the enthalpies will be found for a temperature range of 300
to 1000 K, with increments of 50.

Using MATLAB, the inputs are:

%% %o %0 %0 %o Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 2-4: Calculating the Entropy of H2, 02, and Water
% UnitSystem SI

%% %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

R =8.314 % ldeal Gas Constant
T =2300:50:1000 % Temperature range from 300 K to 1000 K with increments
of 50

Create the temperature loop:
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% Create Temperature Loop

i=0; % Initialization of loop variable

for T =300:50:1000; % Temperature range from 300 K to 1200 K with
increments of 50

i=i+1; % Loop variable

The enthalpy calculations are in the temperature loop:
%% %0 %o %o %o %o %o Yo %o Yo %o Yo Yo %o Yo o Yo %o Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Enthalpy Calculations
%% %0 %o %o %o %o %o Yo %o Yo %o Yo Yo %o Yo Yo Yo %o Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% hydrogen entropy calculations
sf_h = 130.57;
st_h = log(24.42) + 22.26E-3 (T — 298) — 24.2E-6* (TA2 — 298/2) + 15.3E-9
(TA3 — 29813) — 3.78E-12 (T4 — 298M4);
S_hydrogen = (sf_h + st_h);
%% %0 %o %o %o %o %o Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% oxygen entropy calculations
sf_o =205.03;
st_o = 10g(30.15) — 15.6E-3 (T — 298) + 29.33E-6* (T2 — 298"2) — 18.7E-9*
(TA3 — 29813) + 4.48E-12 (T4 — 298M4);
S_oxygen = (sf_o + st_o);
%% %6 %o %o %o %o %o Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% water entropy calculations
sf_w = 188.72;
st w = 0g(33.84) — 9.216E-3#(T-298) + 17.26E-6* (TA2-298"2) — 8.21E-9* (TA3-
29813) + 1.67E-12 (TA4-298/4);
S_water = (sf_w + st_w);

%% %0 % %0 %o %o %o %0 %o %o %o %0 %o %o %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %0 Yo %o

In order to save the new calculated values at each temperature, new
variables have to be created as follows:

% %% %o %o %o %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Create new variables to save the new calculated values for

hydrogen, oxygen and water entropy at each temperature
increment
Hydrogen_Entropy(i) = S_hydrogen;

Oxygen_Entropy(i) = S_oxygen;
Water_Entropy(i) = S_water;
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Temperature(i) = T;
end % End Loop

(b) The following MATLAB code can be used to plot the hydrogen
and oxygen enthalpy as a function of temperature:

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(Temperature,Hydrogen_Entropy, Temperature,Oxygen_Entropy,
Temperature,Water_Entropy);

title("Hydrogen, Oxygen and Water Entropies’,'FontSize’,12,'FontWeight’,'Bold’)

xlabel(‘Temperature (K)’,‘FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Entropies (KJ/kgK)’,'FontSize’,12,‘FontWeight’,'Bold’);

set(hdlp,‘LineWidth’,1.5);

grid on;

Figure 2-3 shows the plot of hydrogen and oxygen entropies as a function
of temperature.
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FIGURE 2-3. Hydrogen and oxygen entropies as a function of temperature.
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2.5 Free Energy Change of a Chemical Reaction

The conversion of the free energy change associated with a chemical reac-
tion directly into electrical energy is the electrochemical energy conver-
sion. This free energy change is a measure of the maximum electrical work
(Weree) a system can perform at a constant temperature and pressure from
the reaction. This is given by the negative change in Gibbs free energy
change (AG) for the process, and can be expressed in molar quantities as:

Weee = -AG (2-36)

The Gibbs free energy is the energy required for a system at a constant
temperature with a negligible volume, minus any energy transferred to the
environment due to heat flux. This equation is valid at any constant tem-
perature and pressure for most fuel cell systems. From the second law of
thermodynamics, the change in free energy, or maximum useful work, can
be obtained when a “perfect” fuel cell operating irreversibly is dependent
upon temperature. Thus, W, the electrical power output, is

Weee = AG = AH — TAS (2-37)

where G is the Gibbs free energy, H is the heat content (enthalpy of forma-
tion), T is the absolute temperature, and S is entropy. The Gibbs free energy
will be equal to the enthalpy if the change in entropy is zero. As can be
seen by the definition of the Gibbs free energy function, it is a linearly
decreasing function with temperature, but the trend is complicated by the
temperature dependence of the enthalpy and entropy terms. The TAS term
grows faster with increasing T than the AH term because it has a stronger
dependence upon temperature, as it is of the form TxIn(T/T), whereas the
enthalpy is simply (T - T).

The potential of a system to perform electrical work by a charge, Q
(coulombs), through an electrical potential difference, E in volts, is*:

Welec = EQ (2'38)
If the charge is assumed to be carried out by electrons:

Q =nF (2-39)
where n is the number of moles of electrons transferred and F is the Faraday
constant (96,485 coulombs per mole of electrons). Combining the last three
equations to calculate the maximum reversible voltage provided by the

cell:

AG = -nFE, (2-40)
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where n is the number of moles of electrons transferred per mol of fuel
consumed, F is Faraday’s constant, and E, is the standard reversible
potential.

The relationship between voltage and temperature is derived by
taking the free energy, linearizing about the standard conditions of
25°C, and assuming that the enthalpy change AH does not change with
temperature:

AGun _ AH-TAS

Eo=- nF - nF 2-41)
AE, = (d—E)(T _05)= 251 _ 25
dT nF

where E, is the standard-state reversible voltage, and AG,,, is the standard

free energy change for the reaction. The change in entropy is negative;

therefore, the open circuit voltage output decreases with increasing tem-

perature. The fuel cell is theoretically more efficient at low temperatures.

However, mass transport and ionic conduction are faster at higher tem-

peratures, and this more than offsets the drop in open-circuit voltage®.
For any chemical reaction

jA + kB - mC + nD

The change in Gibbs free energy between the products and reactants
is

AG = mG. + nGp — jGa — kGy (2-42)

In the case of a hydrogen-oxygen fuel cell under standard-state
conditions:

Fi [g)+2-Osfg] - Ol

(AH = -285.8k]/mol; AG = -237.3k]J/mol)

—-237.3kJ/mol

=1.2290V
2.mol*96,485C/mol

EHz/Oz =

At standard temperature and pressure, this is the highest voltage
obtainable from a hydrogen-oxygen fuel cell. Most fuel cell reactions have
voltages in the 0.8- to 1.5-V range. To obtain higher voltages, several cells
have to be connected together in series.

Fuel cells can operate at any pressure, and often it is advantageous to
operate the fuel cell at pressures above atmospheric. The typical range for
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fuel cells is atmospheric pressure to 6 to 7 bars. The change in Gibbs free
energy as related to pressure can be written as:

dG = v, dP (2-43)

where V,, is the molar volume (m®/mol), and P is the pressure in Pascals.
For an ideal gas®:

PVm =RT (2-44)
Therefore:
dG = RTd—P (2-45)
P
After integration:
P
G=Gy+ RTln(P—) (2-46)
0

where Gy is the Gibbs free energy at standard pressure and temperature
(25°C and 1 atm), and Py is the standard pressure (1 atm), which is a form
of the Nernst equation.

If Equation 2-42 is substituted into the Equation 2-46°:

5/ (&)
G=Gy+RTIn 2/ Lo/ (2-47)
)5
Py J\ Py
where P is the partial pressure of the reactant or product species, and P, is
the reference pressure.

For the hydrogen-oxygen fuel cell reaction, the Nernst equation
becomes

0.5
G=Gy+ RTln[%) (2-48)

HyO

Therefore, the cell potential as a function of temperature and pressure
is:

0.5
Epp= (E I8 j +RT ln(—PHZPC’z ] (2-49)

HyO
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For nonstandard conditions, the reversible voltage of the fuel cell may
be calculated from the energy balance between the reactants and the prod-
ucts’. Equation 2-49 reduces to the common form of the Nemst equation:

E.=E, - —ln[Ha‘“} (2-50)

where R is the ideal gas constant, T is the temperature, a; is the activity of
species i, v; is the stoichiometric coefficient of species i, and E, is the stan-
dard-state reversible voltage, which is a function of temperature and pres-
sure.

The hydrogen—oxygen fuel cell reaction is written as follows using the
Nernst equation:

a0
E=E, ——1 2 2-51
OF oy, 00 | )

where E is the actual cell voltage, E, is the standard-state reversible voltage,
R is the universal gas constant, T is the absolute temperature, N is the
number of electrons consumed in the reaction, and F is Faraday’s constant.
If the fuel cell is operating under 100°C, the activity of water can be set to
1 because liquid water is assumed. At a pressure of 1.00 atm absolute (as it
is at sea level on a normal day), with an effective concentration of 1.00 mol
of H* per liter of the acid electrolyte, the ratio of 1.00"?:1.00 = 1, and
In 1 =0. Therefore, E = E,. The standard electrode potential is that which is
realized when the products and reactants are in their standard states.

At standard temperature and pressure, the theoretical potential of a
hydrogen-air fuel cell can be calculated as follows:

8.314(J/{mol +K]}+298.15, 1

E=1.229-
2%96,485(C/mol) 1%0.21"2

=1.219V

The potential between the oxygen cathode where the reduction occurs
and the hydrogen anode at which the oxidation occurs will be 1.229 V at
standard conditions with no current flowing. When a load connects the two
electrodes, the current will flow as long as there is hydrogen and oxygen
gas to react. If the current is small, the efficiency of the cell (measured in
voltages) could be greater than 0.9 V, with an efficiency greater than 90%.
This efficiency is much higher than the most complex heat engines such
as steam engines or internal combustion engines, which can only reach a
maximum 60% thermal efficiency.

Figure 2-4 illustrates the decrease in Nernst voltage with increasing
temperature. By analyzing the Nernst equation, one can see why this trend
occurs:



Fuel Cell Thermodynamics 37

Nernst Voltage as a Function of Temperature
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FIGURE 2-4. Nernst voltage as a function of temperature.

(mj (yPc )1’2
-AG | R,T ln[a"aa"b } -AG  R,T P, Ju,\ P, Jo,

Focv = In
ocv nF nF a’e nF nF
AG R T1 [1]_ AG
nF nF

The pressure dependence is nullified because both the anode and
cathode are at 1 atm for our simple example. Further, the activity of the
water is set to the relative humidity at the reaction site, which is unity
because the water is being created at the cathode catalyst layer and does
not limit the reaction in any way.

By assuming the gases are ideal (the activities of the gases are equal
to their partial pressures, and the activity of the water phase is equal to
unity), Equation 2-50 can be written as:
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E.= Er—Eln
nF

H[p—” (2-52)

i \Po

where p; is the partial pressure of species i, and py is the reference pressure.
For ideal gases or an estimate for a nonideal gas, partial pressure of species
A, pa* can be expressed as a product of total pressure P, and molar fraction
X, of the species:

PA = XaPa (2-53)

If the molar fraction for the fuel is unknown, it can be estimated by
taking the average of the inlet and outlet conditions®:

1- XC,Anode (2_54)

“(’“E”)(“(é‘i)))

where {, is the stoichiometric flow rate, Xa,.q. is the molar ratio of species
2:1 in dry gas, and X¢ anod. 1S:

XA=

Psat

N (2-55)

XC,Anode =

The molar fractions are simply ratios of the saturation pressure
(Ps) at the certain fuel cell temperature to the anode and cathode
pressures.

The water saturation temperature is a function of cell operating
temperature. For a PEM hydrogen—-oxygen fuel cell, P, can be calculated
using’:

logioPe: = =2.1794 + 0.02953 T — 9.1837 x 10°% T2 + 1.4454 x 107 +T?3
(2-56)

where T is the cell operating temperature in°C.

If the current is large, the cell voltage falls fairly rapidly due to various
nonequilibrium effects. The simplest of these effects is the voltage
drop due to the internal resistance of the cell itself. According to
Ohm'’s law, the voltage drop is equal to the resistance times the current
flowing. At maximum current density of 1 amp/cm?, the cell can drop
0.5V.
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EXAMPLE 2-5: Calculating Reversible Cell Potential

Determine the reversible cell potential as a function of temperature at
40°C and 1 atm. Assume that T, = 25°C. The reaction is

HZ +%Oz e Hzo

The entropy for the fuel cell reaction at the standard reference
temperature and pressure, and the reversible cell potential is:

AG = AH — TAS
1 1
AG = (thotl) - (th + Ehoz D =T *(Smou) - (SHZ + Esoz D
AG = —285,8264—(0+l*0) —T= 69.924—
mol _H,O 2 mol H,O

130.684 + l*205.14#
mol H,0 2 mol_O2

AG =-285,826 ]]K (298K)*—163.25 Il =-237,177.50 ]1

mo B molK mo
AG -237,177.50 J J
g =25 ; molK __j 9992 —1.200v
nF 2mol e C C
S——="-%96,487 —
mol fuel mol e

For liquid water at T = 25°C and 1 atm:

As(T,, P) —-165.25]/(mol_fuel #K) I
- =-0.8460x107°V,
nF 2mol_e”/mol_fuel x 96,487C/mol_e~ % K

Therefore, the desired expression is
L5V
E,(T,P)=1.229V-0.8460x10 f*(T —Ths)

For every degree of temperature increase, reversible cell potential
is reduced by 0.8460 mV. At a temperature of 40°C:

E,(40,1)=1.229V - 0.8460 x 10‘3%*(40 -25K =1.216V
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The reversible potential is reduced from 1.229 V to 1.216 V when
the temperature increases from 25°C to 40°C.

Using MATLAB to solve:

% EXAMPLE 2-5: Calculating the Reversible Cell Potential

% UnitSystem Sl

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Inputs

hf_H2 = 0; % Enthalpy of formation at standard state (J/mol)
hf_O2 = 0; % Enthalpy of formation at standard state (J/mol)
hf_H20I = —-285826; % Enthalpy of formation at standard state (J/mol)
sf_H2 = 130.68; % Entropy of formation at standard state (J/mol)
sf_02 = 205.14; % Entropy of formation at standard state (J/mol)
sf_H20I = 69.92; % Entropy of formation at standard state (J/mol)
T_ref = 298; % Reference temperature

T =313; % Given temperature

n=2; % mol e- per mole fuel

F = 96487, % Faraday’s constant

S = -163.25; % (J/mol fuel K) for liquid H20

%% Yo Yo Yo %o %o Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate Gibbs Free Energy

delH = hf_H20I — (hf_H2 + ((1/2) *hf_02));
delS = sf_H20I — (sf_H2 + ((1/2) #sf_02));
delG = delH — (T_ref+delS)

% Calculate reversible voltage

Er = delG/(n*F);
Sr = S/(n*F);

% Expression for reversible voltage
E = Er — Srx(T — T_ref)

EXAMPLE 2-6: Calculating Reversible Cell Potential
Determine the reversible cell potential for the following reaction:
1
H (8] + 2 Os(g) > FLOI
The molar fraction of H, in the fuel stream is 0.5 and the molar

fraction of O, in the oxidant stream is 0.21. The remaining species are
chemically inert.
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Since the fuel cell operates at the standard temperature and pres-
sure, T=25°C and P is 1 atm. Because the reactant streams are not pure,
the reversible cell potential for the reaction is

E(T, P) = E,(T, P)- ~X InK
nF

The molar fraction of the reactants are Xy, = 0.5 and X, = 0.21,
and K can be calculated as follows:

N
K= H(Xi)(vi’—"{)/vi: — X(POI;VIX(OO;VM — X—lexélz/l

i=1

The reversible cell potential at standard pressure and temperature
when pure H, and O, are used as reactants is 1.229 V.

E,(T,P)=1.229V —
8.314J/molK x 298K
2mol_e /molfuel x 96,487C/mol_e”

In0.5"x0.217"* =1.210V

The cell potential is decreased as a result of dilute reactant products
but not as drastically decreased as one would expect.

Using MATLAB to solve:
%% Yo Yo %o %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 2-6: Calculating the Reversible Cell Potential
% UnitSystem SI
%% Yo %o Yo %o %o Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

R = 8.314; % ldeal gas constant (J/molK)
T = 298; % Temperature
N =2; % mol e- per mole fuel

F = 96487; % Faraday’s constant
Er = 1.229; % Reversible cell potential (v)
x_H2 = 0.5; % mole fraction of H2
x_02 =0.21; % mole fraction of O2

%% %6 %0 %o %o %o %o Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% Expression for reversible voltage
E = Er — (R=T/(n*F)) *log((x_H2" (- 1) * (x_02/(~1/2)))
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EXAMPLE 2-7: Calculating Reversible Cell Potential

Determine the inlet and outlet Nernst potential for the following
reaction:

HZ + %OZ —> HZO(g)

at a temperature of 25°C and 80°C and a pressure of 1 atm. Assume the
fuel is pure H, and O, from the air supplied to the cell. The H, utiliza-
tion is zero, the oxygen utilization is 0.5, and the reactant product water
is formed on the oxidant side.

The inlet and outlet Nernst potential can be calculated based upon
the reactant composition at the cell inlet and outlet. The reversible cell
potential at the cell inlet is

E,(T, P) = E.(T, P~ ~% Inx22,
nF '

At the cell inlet: XHZ/in = ]., onrm = 021, XNZ/in = 079, Poz/m + PNZ/in
=1 atm.

From Example 5-5, E, (25°C, 1 atm) = 1.185 V.

Calculating AG at 353 K and 1 atm, it is

-228 170 J
AG ’
E,=-22_ molK ~1.1824) —1.1824v
nF 2mol_e” C C
SMOLE 96,487 :
mol fuel mol e

The inlet Nernst potential is

8.314]/molK x 298K

In0.217? =1.175V
2mol_e”/molfuel x 96,487C /mol_e~ n

E,(251)=1.185V —

8.314]/molK x 353K

In0.217%
2mol_e /molfuel x 96,487C/mol_e~ o

E,(353,1)=1.1824V -

=1.1705V

At the Ce]-]- Outlet/ XHZ,out = ]-/ XOZ/out = 0095/ POZ,out + PHZO,out + PNZ,out
=Py = Pin = 1 atm.
The Nernst potential becomes
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RT, _
EA(T, Posou) = BT, P) = ——In X,
E,(25,1) = 1.185 — 0.01284 x In0.095"2 = 1.170V
E,(353,1)=1.1705 — 0.0152 x 1n0.095" = 1.1645V

Using MATLAB to solve:

% %% %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o
% EXAMPLE 2-7: Calculating the Reversible Cell Potential

% UnitSystem SI

% %% %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o

% Inputs

R = 8.314; % ldeal gas constant (J/molK)

T = 298; % Temperature

N =2; % mol e- per mole fuel

F = 96487, % Faraday’s constant

x_02in = 0.21; % mole fraction of O2 at the inlet

x_02out = 0.095; % mole fraction of O2 at the outlet

hf_H2 = 0; % Enthalpy of formation at standard state (J/mol)
hf_O2 = 0; % Enthalpy of formation at standard state (J/mol)
hf_H20I = -285826; % Enthalpy of formation at standard state (J/mol)
sf_H2 = 130.68; % Entropy of formation at standard state (J/mol)
sf_02 = 205.14; % Entropy of formation at standard state (J/mol)
sf_H20I = 69.92; % Entropy of formation at standard state (J/mol)
T_ref = 353; % Reference temperature

% %% %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Expression for reversible voltage

% Calculate Gibbs Free Energy

delH = hf_H20I — (hf_H2 + ((1/2) * hf_02));
delS = sf_H20I — (sf_H2 + ((1/2) #sf_02));
delG = delH — (T_ref=delS)

% Calculate reversible voltage

Er = — delG/(n*F);

% Expression for reversible voltage at the inlet
E_in = Er — (R=T_ref/(n*F))*log((x_0O2in(-1/2)))

% Expression for reversible voltage at the outlet
E_out = Er — (R*T_ref/(n*F))*log((x_O20out?(—1/2)))
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2.6 Fuel Cell Reversible and Net Output Voltage

If the total energy based upon the higher heating value could be converted
into electrical energy, then a theoretical potential of 1.48 V per cell could
be obtained. The theoretical potential based upon the lower heating value
is also shown. Because of the TAS limitation, the maximum theoretical
potential of the cell is 1.229 V. This is the voltage that could be obtained
if the free energy could be converted entirely to electrical energy without
any losses.

The maximum electrical energy output, and the potential difference
between the cathode and anode, is achieved when the fuel cell is operated
under the thermodynamically reversible condition. This maximum possi-
ble cell potential is the reversible cell potential. The net output voltage of
a fuel cell at a certain current density is the reversible cell potential minus
the irreversible potential that is discussed in this section, and can be
written as'’:

V(l) = Vrev - Virrev (2'57)

where V., = E, is the maximum (reversible) voltage of the fuel cell,
and Vi, is the irreversible voltage loss (overpotential) occurring at the
cell.

The actual work in the fuel cell is less than the maximum useful work
because of other irreversibilities in the process. These irreversibilities (irre-
versible voltage loss) are the activation potential (v,.), ohmic overpotential
(Vonmic), and concentration overpotential (Ueone). This is shown by the follow-
ing equation:

Virrev = Vact T Uohmic T Uconc (2'58)

The variables in Equation 2-58 are discussed in more detail in
Chapters 3 through 5. Chapter 3 covers fuel cell electrochemistry and
discusses activation potential, Chapter 4 covers fuel cell charge transport
and discusses ohmic overpotential, and Chapter 5 covers fuel cell mass
transport and concentration overpotential. V.., in Equation 2-58 is substi-
tuted into Equation 2-57 to account for the irreversible voltage losses to
obtain an accurate fuel cell net output voltage. Figure 2-5 illustrates the
fuel cell voltage losses that need to be considered when designing fuel
cells.

2.7 Theoretical Fuel Cell Efficiency

The efficiency of a chemical process must be evaluated differently than the
conventional heat engine. Efficiency can be defined in two ways:
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FIGURE 2-5. Hydrogen-oxygen fuel cell performance curve at equilibrium.

Mac = (actual useful work)/(maximum useful work) = (power x time)/AG

Mau = (actual useful work)/(maximum useful work) = (power x time)/AH

Since AG = AH — T AS, 1su < N for the same power output.

Efficiency of an ideal fuel cell based upon heat content AH is obtained
by dividing maximum work out by the enthalpy input, so the fuel cell
efficiency is

Nhuel_cent = AG/AH (2-59)

Using the standard free energy and enthalpy given previously (AG =
—237.2 kJ/mol, AH = -285.8 kJ/mol) shows that the maximum thermody-
namic efficiency under standard conditions is 83%.

The fuel cell directly converts chemical energy into electrical energy.
The maximum theoretical efficiency can be calculated using the following
equation:

Nmae = 1 — T#AS/AH (2-60)
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Therefore, even an ideal fuel cell operating reversibly and isothermally
will have an efficiency ranging from 60% to 90%. The heat quantity T AS
is exchanged with the surroundings.

The efficiency is not a major function of device size. Energy consumed
is measured in terms of the higher heating value of the fuel used. In other
words, for hydrogen:

_ POWECIoue nelectronsFVoutput _ 2F‘]output (2-61)
power, nhydrogenAHHHV AI_IHHV

where Neectrons a0d Npyarogen are the flow rates in moles per second, F is Far-
aday’s constant, Vi, is the voltage of the cell output, and AHpgy is
—285.8 kJ/mol. The higher heating value enthalpy can be converted to an
equivalent voltage of 1.481 V! so that

n= Voutput/1-48lv (2-62)

This equivalent voltage concept is very useful in calculating efficiency
and waste heat. The waste heat generated is simply

Q = nAHumv(1 - 1) (2-63)

And the maximum efficiency is a thermodynamically limited 83%.
(If the assumption that water stays in the liquid form is incorrect, the waste
heat that must be rejected decreases because the vaporization of water cools
the stack.) Heat generation is curved in great detail in Chapter 6.

2.7.1 Energy Efficiency

Fuel consumption rates can be calculated simply as a function of current
density and Faraday’s constant:

i

nA,reacted = nB,reacted = ﬁ (2'64)
The mass continuity of two reactants:
NAin = NA reacted T NAout (2'65)

where n,;, is the molar flow rate to the fuel cell, and n, o, is the molar
flow rate from the fuel cell. The energy efficiency of the fuel cell is

Wrc

(2-66)
(nA,reacted + 1lA,out) X HHVA

nEnergy =
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The fuel consumption rates are explained in greater detail in Chapters
4 and 9, which includes calculations for all fuel cell operating conditions,
and greater detail about the PEM fuel cell catalyst layer.

Chapter Summary

The study of thermodynamics and its relation to fuel cells is very important
for predicting fuel cell performance. The determination of fuel cell poten-
tial and efficiency depends heavily on the evaluation of thermodynamic
properties. Some of the important properties explored in this chapter include
the enthalpy, specific heat, entropy, Gibbs free energy, reversible voltage,
net output voltage, and the fuel cell efficiency. These thermodynamic con-
cepts allow one to predict states of the fuel cell system, such as potential,
temperature, pressure, volume, and moles in a fuel cell. Learning and apply-
ing these concepts are the bases of all fuel cell modeling and analysis, and
is essential for understanding the remainder of this book.

Problems

e (Calculate the theoretical cell potential for a hydrogen—oxygen fuel cell
operating at 50°C with the reactant gases at 3 atm and 35 °C with liquid
water as a product.

e (Calculate and compare the differences in theoretical cell potential
between three hydrogen-oxygen fuel cells: (1) operating at 25°C and
1 atm, (2) operating at 50°C and 2 atm, and (3) operating at 75°C and
3 atm.

e Determine the inlet and outlet Nernst potential, as well as the associ-
ated Nernst loss for the following reaction:

H, + %oz = H,0()

at a temperature of 80°C and a pressure of 3 atm. Assume pure O, and
H,; the reaction product water is formed at the oxidant side.

e For the reaction in the above problem, what are the reversible cell effi-
ciency and the cell current efficiency if the cell operates at a cell voltage
of 0.65 V and a current of 0.7 A with a fuel flow of 4 mL/min?

e For the reaction given below, what is the amount of entropy generation,
the amount of cell potential loss, and the amount of waste heat at 25°C
and 1 atm, if the cell operates at a cell voltage of 0.7 V?

H2 + %OZ 4 Hzo(].)
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CHAPTER 3

Fuel Cell Electrochemistry

3.1 Introduction

The thermodynamic concepts covered in Chapter 2 allow one to calculate
the theoretical performance for a fuel cell reaction potential difference
between the anode and cathode, and the fuel cell energy conversion effi-
ciency. However, thermodynamics cannot provide information on how fast
a reaction occurs in order to produce electric current, how reactants create
products, how to predict the reaction rate to produce electric current in the
cell, and how much energy loss occurs during the actual electrochemical
reaction. This chapter covers the electrochemistry needed in order to predict
or model basic electrode kinetics, activation overpotential, currents, and
potentials in a fuel cell. The specific topics to be covered are:

Basic electrokinetics concepts

Charge transfer

Activation polarization for charge transfer reations
Electrode kinetics

Voltage losses

Internal currents and crossover currents

It is essential to understand the underlying reaction process occurring
at the anode and cathode when modeling fuel cells. The electrochemical
reactions control the rate of power generation, and are the cause of activa-
tion voltage losses. A lot of progress has been made in the area of electrode
kinetics, but there is still a lot of work that needs to be developed in order
to fully understand the actual complex anode and cathode kinetics. This
chapter introduces the basics of electrochemical kinetics, and discusses
activation polarization in detail.

3.2 Basic Electrokinetics Concepts

All electrochemical processes involve the transfer of electrons between an
electrode and a chemical species with a change in Gibbs free energy. The
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electrons
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catalyst) conductive fibers)

FIGURE 3-1. Fuel cell electrochemical reactions at the electrolyte and electrode.

electrochemical reaction occurs at the interface between the electrode and
the electrolyte, as shown in Figure 3-1.

The overall PEM fuel cell reactions were introduced in Chapter 1.2.
Although these reactions do not seem overly complicated, the actual reac-
tions proceed through many steps and intermediate species. For example,
for the anodic reaction, the following elementary reactions are important':

Hg < Had + Had (3-1)
Ha o H + e (3-2)

The first reaction is a dissociative chemisorption step known as a Tafel
reaction, and the second reaction is a charge transfer “Volmer” reaction.
Equation 3-1 suggests that the hydrogen first absorbs on the electrode
surface, and then dissociates into the H atoms. Equation 3-2 actually pro-
duces the proton and electron. The first reaction takes into consideration
that the reacting species must first be absorbed on the electrode surface
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before the chemical reaction can occur. The rate of the electrode reaction
may be influenced by the diverse absorbed species and the number of vacant
sites. The surface coverage can be defined as the fraction of the electrode
surface covered by adsorbed species*:

Ci,ad

6=
Z(Ci,ad)s
j

(3-3)

where “ad” is the species that is absorbed on the electrode surface, and “s”
is the concentration, C;,q is at the saturation of the electrode surface. The
reaction rate equations can be written more descriptively to include the
metal adsorption sites (MJ?:

H, +2M 4 2(H - M (3-4)
H-Me 2 SH +e +M (3-5)

Therefore, the expression for the rate of reaction can be written as
follows™:

(Uﬁad = —kZ,fGH + kZ'bCHJfCe*(l - GH) (3_6)

where (1 — 0y) is the metal surface not covered by adsorbed hydrogen. The
equations presented in this section begin to illustrate some of the factors
involved with the electrochemical reactions occurring at the electrode/
electrolyte interface.

3.3 Charge Transfer

The quickness of the electrochemical reaction to proceed is dependent
upon the rate that electrons are created or consumed. Therefore, the current
is a direct measure of the electrochemical reaction rate. From Faraday’s
law, the rate of charge transfer is:

dQ
i=— 3-7

dt 13-7)
where Q is the charge and t is the time. If each electrochemical reaction
results in the transfer of n electrons per unit of time, then

dN i
- 3-8
dt nF 13-8]
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where dN/dt is the rate of the electrochemical reaction (mol/s) and F is
Faraday’s constant (96,400 C/mol). Integrating this equation gives

Jidt=Q=nFN (3-9)

0

Equation 3-9 states that the total amount of electricity produced is
proportional to the number of moles of material times the number of elec-
trons times Faraday’s constant.

EXAMPLE 3-1: Hydrogen Consumed and Current Produced

A hydrogen—oxygen fuel cell with the reaction
Hg + 02 - HQO

is operating at 60°C and 3 atm. The fuel cell runs for 120 hours. How
much current does the fuel cell produce at a flow rate of 5 scem? How
many moles of H, are consumed?

H, can be treated as an ideal gas; the molar flow rate is related to
the volumetric flow rate via the ideal gas law:

dN _ P(dV/dt)

dt RT
dN _ 3atm x (0.005 L/min) 549104 mol.Hz
dt (0.082 L/atm/molK)x(333.15 K| min

Since 2 moles of electrons are transferred for every mole of H, gas
reacted, n = 2.
ionrIN _o (96,4OOC)*(5.49 x 104%)*1% -1.77A
dt min 60s

The total amount of electricity produced is calculated by integrat-
ing the current load over the operation time.

3600sec

Que=11t1 =(1.77A)* (1 20hours*
r

) =762,900C

The total number of moles of H, processed by the fuel cell is
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Qe 762,900C

N =
7 nF T 2% 96,400C/mol

=3.95mol_H,
Using MATLAB to solve:

%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% EXAMPLE 3-1: Calculating the Enthalpy of Water

% UnitSystem SI

% %6%0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% Inputs

R = 0.082; % ldeal gas constant (L/atm/molK)
T = 333.15; % Temperature

dV_dt = 0.005; % Volumetric flow rate (L/min)
P=3; % atm

n=2; % mol e- per mole fuel

F = 96487; % Faraday’s constant

T=120%3600; % Convert to seconds

%% %o %o %0 %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Convert volumetric flow rate to molar flow rate

dN_dt = P=dV_dt/(R*T);

% Calculate the total current

i = n=F=dN_dt=(1/60);

% Total amount of electricity produced

Q =i+t

% The total number of moles of hydrogen

N_H2 = Q/(n*F)

3.4 Activation Polarization for Charge Transfer Reactions

An electrochemical reaction occurring at the electrode takes the following
form:

Ox +e<—~=>Re (3-10)

where Ox is the oxidized form of the chemical species, and Re is the
reduced form of the chemical species. If the potential of the electrode
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is made more negative than the equilibrium potential, the reaction will
form more Re. If the potential of the electrode is more positive than the
equilibrium potential, it will create more Ox°. The forward and backward
reactions take place simultaneously. The reactant consumption is pro-
portional to the surface concentration®. For the forward reaction, the
flux is:

jf = kaoX (3-11)

where k; is the forward reaction rate coefficient, and Cgo, is the surface
concentration of the reactant species.
The backward reaction of the flux is described by:

js = kiyCra (3-12)

where kj, is the backward reaction rate coefficient, and Cgq is the surface
concentration of the reactant species.

These reactions either consume or release electrons. The net current
generated is the difference between the electrons released and consumed”:

i= nF(kaOX - kbCRd) (3-13)

The net current should equal zero at equilibrium because the reaction
will proceed in both directions simultaneously at the same rate®. This reac-
tion rate at equilibrium is called the exchange current density, which can
be expressed as:

k Gy
kb CA

(3-14)

3.5 Electrode Kinetics

Most rate constants in electrolyte reactions vary with temperature where
In k is 1/T. The first person to recognize this relationship was Arrhenius,
who said that it can expressed in the following form:

—E,
k=A 3-15
k exp( RT) ( )

where E, is the activation energy and represents an energy barrier of height
Ex. The exponential expresses the probability of overcoming the energy
barrier, and A is related to the number of attempts to overcome the barrier.
According to the Transition State Theory, an energy barrier needs to be



Fuel Cell Electrochemistry 55

A Activated Complex

AG,

Reactants

Gibbs Free Energy

g

Products

Distance From Interface

FIGURE 3-2. Gibbs free energy change compared with distance from the
interface’.

overcome for the reaction to proceed!®. An illustration of the Gibbs free
energy function with the distance from the interface is shown in Figure
3-2. The magnitude of the energy barrier to be overcome is equal to the
Gibbs free energy change between the reactant and product'!. The height
of the maximum is identified as the activation energy for the forward (E, )
or backward (Ey) reaction, respectively.

E, is also known as the standard internal energy when the transition
between the minima and maxima occurs—which is during the transition
state. If E, is designated as the standard internal energy of activation AE,
then the standard enthalpy of activation, AH, can be expressed as AE =
A(PV). Since A(PV) is usually negligible, AH ~ AE. When the standard
enthalpy of activation is introduced into the equation:

k = Aexp (L‘TAS)

(3-16)
RT

Then:

k = Aexp(%) (3-17)
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where AG is the standard free energy of activation when considering the
reaction, where the substances are at thermal equilibrium.

The concentration of each substance can be calculated from the stan-
dard energies of activation. For each substance':

aa
Complex _C° K = a_AeXp(—AGf) (3-18)
[A] 35 ¥ RT
CO

where C° is the concentration of the standard-state, and a, and a; are
the dimensionless activity coefficients for A and the standard-state,
respectively.

The activated complexes decay into A or B according to a rate con-
stant, k, and can be grouped into four categories'?:

1. Those created from A, and converting back into A
2. Those converting into B

3. Those converting into A

4. Those created from B, converting back to A

The rate of transforming A into B can be expressed as:
k{A] = fsk’[Complex] (3-19)
where k’ is the combined rate constant. This can apply also for B convert-
ing to A. Since k{A] = ky[B] at equilibrium, f,3 and fz, should ideally be the

same; therefore, they can be estimated to each be !/,. If Equation 3-18 is
substituted into Equation 3-19, then'®:

k¢= kk? exp(_AGf ) (3-20)

where « is the transmission coefficient and represents the fractions fag
. kk
and fz,. The quantity o depends upon the shape of the energy surface

in the region of the complex, but for simple cases, this can be estimated
using Boltzmann’s and Plank’s constants, and expressed in the following
form:

kT -AG
k= o exp(—RT) (3-21)

where kg is the Boltzmann’s constant (1.38049 x 10 J/K), h is Plank’s
constant (6.621 x 10* Js), and AG is the Gibbs energy of activation (kJ/mol).
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Equation 3-21 is valid for a system at a certain temperature and pressure
and is not dependent upon reactant and product concentrations. The change
in Gibbs free energy due to the reaction equilibrium is illustrated in
Figure 3-3.

3.5.1 Butler-Volmer Model of Electrode Kinetics

The potential of an electrode affects the kinetics of reactions occurring at
its surface. The way that k; and k, depend upon potential can be used to
control reactivity. In the previous section, it was illustrated that reactions
can be visualized in terms of reaction progress on an energy surface. When
electrodes are considered, the shape of the surface is a function of electrode
potential.

If the potential is changed to a new value, AE, the relative energy of
the electron on the electrode changes by —FAE = —F(E — E,); therefore, the
curve moves up or down that amount. Figure 3-4 shows the effect for a
positive E. The Gibbs free energy can be considered to consist of both
chemical and electrical terms because it occurs in the presence of an elec-
trical field"*'. For a reduction reaction:

AG = AGAC + aRdFE (3-22)
For an oxidation reaction:
AG = AGAC - OCOXFE (3-23)

where AG,¢ is the activated complex of the Gibbs free energy, « is the
transfer coefficient, F is Faraday’s constant, and E is the potential.

The transfer coefficient is a measure of symmetry of the energy barrier.
This can be illustrated by considering the geometry of the curves at the
intersection region as shown in Figure 3-5. The angles can be defined by'*:

tan 6 = oFE/x (3-24)
tan¢ = (1 — aJFE/x (3-25)
Therefore,
_ tan@ (3-26)
tan¢g +tan6

If the intersection is symmetrical or at equilibrium, ¢ = 6 and o = /,.
If the reaction is not at equilibrium, 0 < <!/, or ', < @ < 1.

There is some confusion in the literature between the transfer coef-
ficient (@) and the symmetry factor (f). The symmetry factor is typically
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used for single-step reactions, but since the typical process is multistep, an
experimental parameter called the transfer coefficient'® is used.

The value of « is typically between 0 and 1, and more specifically,
between 0.3 to 0.7 for most electrochemical reactions depending upon the
activation barrier'’. The transfer coefficient is usually approximated by 0.5
in the absence of actual measurements. The relationship between g and
Oy 18

n

Org — Olox = (3‘27)

Vtimes

where n is the number of electrons transferred, and vme is the number of
times the stoichiometric step must take place for the reaction to occur®.
The forward and backward oxidation reaction rate coefficients are

—0oirgFE
k=1 R—d} 3-28
K= Kot eXp[ RT ( )
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kb = kO,b €Xp |:— aE(iE} (3-29)

If these equations are introduced into Equation 3-7, the net current
is

. —oipFE 0o FE
i= n13{1<0,fC0X exp [}i—:}] —kopChra exp[ ORT }} (3-30)

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

ip = nFk;Coy exp [_O{%IFEI} =nFk,Crq exp[_(xf{—’f&} (3-31)

The exchange current density measures the readiness of the electrode
to proceed with the chemical reaction. It is a rate constant for electro-
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chemical reactions, and is a function of temperature, catalyst loading, and
catalyst-specific surface area. The higher the exchange current density, the
lower the barrier is for the electrons to overcome, and the more active the
surface of the electrode. The exchange current density can usually be deter-
mined experimentally by extrapolating plots of log i versus v, to U, = 0.
The higher the exchange current density, the better the fuel cell perfor-
mance. The effective exchange current density at any temperature and
pressure is given by the following equation:

P. Y E I
;o sref ch( r ) _ ¢ (1_ j 3-32.
ip=iffa P exp » ( )
s ref

where if*" is the reference exchange current density per unit catalyst surface
area (A/cm?), a. is the catalyst-specific area, L. is the catalyst loading, P, is
the reactant partial pressure (kPa), P* is the reference pressure (kPa), yis
the pressure coefficient (0.5 to 1.0), E. is the activation energy (66 kJ/mol
for O, reduction on Pt), R is the gas constant [8.314 J/(mol*K]], T is the
temperature, K, and T, is the reference temperature (298.15 K).

Manipulating these equations slightly gives the current-overpotential
equation:

* *
i =i e exp @ U, [RT)) —-exp(— (L oo [RT)  (3-33)

R cy
where ¢y and ¢} are arbitrary concentrations, and i, is measured as the
reference reactant and product concentration values c* and ¢?*. The first
term describes the cathodic compartment at any potential, and the next
term gives the anodic contribution. Sometimes this equation is called the
Butler-Volmer equation, although the most common form of the Butler-
Volmer equation is shown by Equation 3-33.

If the currents are kept low so that the surface concentrations do not

differ much from the bulk values, then the Butler-Volmer equation
becomes:

. —opaF[E - E,) 0oy F[E —E,)
i 1O{exp[ RT } exp[ RT ]} (3-34)

The Butler-Volmer equation is valid for both anode and cathode reac-
tion in a fuel cell. It states that the current produced by an electrochemical
reaction increases exponentially with activation overpotential®. This equa-
tion also says that if more current is required from a fuel cell, voltage will
be lost. The Butler-Volmer equation applies to all single-step reactions, and
some modifications to the equation must be made in order to use it for
multistep approximations.
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Activation Losses as a Function of Exchange Current Density
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FIGURE 3-6. Effect of the exchange current density on the activation losses.

If the exchange current density is low, the kinetics become sluggish,
and the activation overpotential will be larger for any particular net current
as shown in Figure 3-6. If the exchange current is very large, the system
will supply large currents with insignificant activation overpotential. If a
system has an extremely small exchange current density, no significant
current will flow unless a large activation overpotential is applied. The
exchange current can be viewed as an “idle” current for charge exchange
across the interface. If only a small net current is drawn from the fuel cell,
only a tiny overpotential will be required to obtain it. If a net current is
required that exceeds the exchange current, the system has to be driven to
deliver the charge at the required rate, and this can only be achieved by
applying a significant overpotential. When this occurs, this is a measure of
the system’s ability to deliver a net current with significant energy loss.

The Butler-Volmer equation can also be written as:

(anvm} ) [(anvm}
2 | _jyexp| ——=

(3-35
RT RT

i=1i exp[
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Activation Losses as a Function of Transfer Coefficent
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FIGURE 3-7. Effect of the transfer coefficient on the activation losses.

where i is the current density per unit catalyst surface area (A/cm?), iy is the
exchange current density per unit catalyst surface area (A/cm?), v, is the
activation polarization (V), n is the number electrons transferred per reaction
(=), R is the gas constant [8.314 J/(mol #K]], and T is the temperature (K). The
transfer coefficient is the change in polarization that leads to a change in
reaction rate for fuel cells and is typically assumed to be 0.5. Figure 3-7
illustrates the effect of the transfer coefficient on the activation losses.
When o = 0.5, the equation can be rearranged to give:

i= 2, sinh[—aanm }

(3-36)
2RT

In order to obtain the activation polarization based upon the Butler-
Volmer equation; the equation needs to be rearranged to give v,

Vet = 2RT sinh™ [L} (3-37)
nF 2i,
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Therefore, the activation polarization is expected to increase more
rapidly at low current densities, and less at higher current densities.

3.6 Voltage Losses

Typical voltage losses seen in a fuel cell are illustrated in Figure 3-8. The
single fuel cell provides a voltage dependent on operating conditions such
as temperature, applied load, and fuel/oxidant flow rates. As first shown in
Chapter 2, the standard measure of performance for fuel cell systems is the
polarization curve, which represents the cell voltage behavior against oper-
ating current density.

When electrical energy is drawn from the fuel cell, the actual cell
voltage drops from the theoretical voltage due to several irreversible loss
mechanisms. The loss is defined as the deviation of the cell potential (Vi)
from the theoretical potential (V) as first mentioned in Chapter 2.

V(l) = Vrev - Virrev (3-38)

The actual voltage of a fuel cell is lower than the theoretical model
due to species crossover from one electrode through the electrolyte and

1.25 — Reversible cell potential of 1.2 V
J Open circuit voltage
1.00 -« TR ]
b Activation polarization dominated region
T
s 075+ Ohmic polarization
° dominated region
o
S 050 | TN ]
Concentration polarization
dominated region
0.25 — 9

\ \ \ \
0 0.25 0.50 0.75 1.00 1.25

Current Density (A/cm?)

FIGURE 3-8. Generalized polarization curve for a fuel cell.
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internal currents. The three major classifications of losses that result in
the drop from open-circuit voltage is (1) activation polarization, (2) ohmic
polarization, and (3) concentration polarization®*. Therefore, the operating
voltage of the cell can be represented as the departure from ideal voltage
caused by these polarizations:

V(l) = Vrev - vactfanode - ‘Uactfcath — Uohmic — vconcfanode - vconcfcath (3-39)

where V., Ushmic, Veone T€Present activation, ohmic (resistive), and mass
concentration polarization. As seen in Equation 3-39, activation and
concentration polarization occur at both the anode and cathode, while
the resistive polarization represents ohmic losses throughout the fuel
cell.

The equation for the fuel cell polarization curve is the relationship
between the fuel cell potential and current density, as illustrated in Figure
3-9, and can be written as:

E=E, - R L R L Ry e |
o.F 1gc o,F 10 nF Ipc—1

. (3-40)
Eln( lL/a J—iRi

nF ip,—1

The shorter version of the equation is

E:Er_Eln(”,ﬂ)—Eln g, (3-41)
aoF ig nF ip—1

The voltage overpotential required to overcome the energy barrier for
the electrochemical reaction to occur is activation polarization. As described
previously this type of polarization dominates losses at low current density
and measures the catalyst effectiveness at a given temperature. This type
of voltage loss is complex because it involves the gaseous fuel, the solid
metal catalyst, and the electrolyte. The catalyst reduces the height of the
activation barrier, but a loss in voltage remains due to the slow oxygen
reaction. The total activation polarization overpotential often ranges from
0.1 to 0.2 V, which reduces the maximum potential to less than 1.0 V even
under open-circuit conditions®. Activation overpotential expressions can
be derived from the Butler-Volmer equation. The activation overpotential
increases with current density and can be expressed as:

AV, =E,~E = Eln(_ij (3-42)
oF i

where i is the current density, and iy, is the reaction exchange current
density.
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The activation losses can also be expressed simply as the Tafel
equation:

AV, =a + bln(i) (3-43)
where

a= - i) and b= - BT
oF oF

The equation for the anode and cathode activation overpotential can

be represented by:
RT ( i )
+—In| —
anode nFa 1,

RT i
vact_anode + vact_cath = _ln(_)

nFa i,
where n is the number of exchange protons per mole of reactant, F is
Faraday’s constant, and o is the charge transfer coefficient used to describe
the amount of electrical energy applied to change the rate of the electro-
chemical reaction®®. The exchange current density, i,, is the electrode activ-
ity for a particular reaction at equilibrium. In PEM fuel cells, the anode i,
for hydrogen oxidation is very high compared to the cathode i, for oxygen
reduction; therefore, the cathode contribution to this polarization is often
neglected. Intuitively, it seems like the activation polarization should
increase linearly with temperature based upon Equation 3-44, but the
purpose of increasing temperature is to decrease activation polarization. In
Figure 3-9, increasing the temperature would cause a voltage drop within
the activation polarization region.

The ohmic and concentration polarization regions are discussed in

detail in Chapter 4 (Fuel Cell Charge Transport) and Chapter 5 (Fuel Cell
Mass Transport), respectively.

(3-44)

cath

EXAMPLE 3-2: Using the Activation Overpotential Equation

Use the activation overpotential equation derived from the Butler-Volmer
equation to calculate and plot the activation losses for a fuel cell operat-
ing at a current density of 0.7 A/cm?, o = 0.5, and an exchange current
density of 107%°'* at (1) a temperature range from 300 to 400 K and (2) a
current density from 0 to 1 A at increments of 0.01 and a temperature
of 300 K.

The activation overpotential equation derived from the Butler-
Volmer equation is:

AVact = E In (i)
oF

1p

Using MATLAB to solve:
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%% %o %o %0 %o %o %o %o Yo Yo %o %o Yo Yo Yo %o Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 3-2: Using the Activation Overpotential Equation
% UnitSystem SI

%% %o %0 %0 %o %o %o %o %o %o %o %o %o Yo Yo %o Yo Yo %o %o Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo %o

% Inputs
R = 8.314; % Ideal gas constant (J/molK)
F = 96487, % Faraday’s constant

Alpha = 0.5; % Transfer coefficient
io = 100-6.912; % Exchange current density

%%6%0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% Part a: Constant Current Density of 0.7 A with a temperature
range from

i=0.7; % Current
T = 300:400; % Temperature

% Activation Losses

B = R.xT./(2.xAlpha.xF);

V_act = b.xlog10(i./io); % Tafel equation

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(T,V_act);

title(‘Activation Losses as a Function of Temperature’,'FontSize’,14,‘FontWeight’,
‘Bold’)

xlabel(‘Temperature (K)’,‘FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Activation Loss (Volts)’,'FontSize’,12,'FontWeight’,'Bold’);

set(hdlp,‘LineWidth’,1.5);

grid on;

% Part b: Constant temperature of 300 K with a current density
range from

% 0-1 A
i2 = 0:0.01:1; % range of current
T2 = 300; % Temperature

% Activation Losses

b2 = R.xT2./(2.* Alpha.x F);

V_act2 = b2.xlog10(i2 ./ i0); % Tafel equation

figure2 = figure(‘Color’,[1 1 1]);

hdlp = plot(i2,V_act2);

title(‘Activation Losses as a Function of Current Density’,'FontSize’,14,‘FontWeight’,
‘Bold’)

xlabel(‘Current density (A/cmA2)’,‘FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Activation Loss (Volts)’,'FontSize’,12,'‘FontWeight’,'Bold’);

set(hdlp,‘LineWidth’,1.5);

grid on;
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Activation Losses as a Function of Temperature
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FIGURE 3-9. Activation losses as a function of temperature.

Figures 3-9 and 3-10 generated from the code in Example 3-2.

EXAMPLE 3-3: Calculating the Voltage Losses for a
Polarization Curve

A 25-cm?” active area hydrogen-air fuel cell stack has 20 cells, and oper-
ates at a temperature of 60°C. Both the hydrogen and air are fed to the
fuel cell at a pressure of 3 atm. Create the polarization and fuel cell
power curve for this fuel cell stack.

Some useful parameters for creating the polarization curve are:
the transfer coefficient, ¢, is 0.5, the exchange current density, i, is
10492 A/em?, the limiting current density, iy, is 1.4 A/cm?, the amplifi-
cation constant () is 0.085, the Gibbs function in liquid form, Gy, is
—228,170 J/mol, the constant for mass transport, k, is 1.1, and the inter-
nal resistance, R, is 0.19 Qcm?. The theoretical voltage, activation losses,
ohmic losses, and concentration losses will need to be calculated for this
example. The basic calculations for ohmic and concentration losses will
be introduced in this example, but will be discussed in further detail in
Chapters 4 and 5.
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Activation Losses as a Function of Current Density
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FIGURE 3-10. Activation losses as a function of current density.

(a) The first step in creating the polarization curve is to calculate
the Nernst voltage and voltage losses. To calculate the Nernst
voltage for this example, the partial pressures of water, hydro-
gen, and oxygen will be used. First calculate the saturation
pressure of water:

log Pyy,0=-2.1794+0.02953+ T, —9.1837 x 107 * TZ +1.4454 x 107 * T2
logPy,0= -2.1794+0.02953%60-9.1837 x107° *60* +
1.4454x107 60 = 0.467

Calculate the partial pressure of hydrogen:
pu, = 0.5% (P, /exp(1.653 #i/(Tx***))) — Py,o = 1.265

Calculate the partial pressure of oxygen:

Do, = (Par/exp(4.192#i/(Tg**))) — Py,o = 2.527
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The voltage losses will now be calculated. The activation losses are
estimated using the Tafel equation:

R=*T
2xa*F

V. = —b*log (i) where b=

0

The ohmic losses (see Chapter 4) are estimated using Ohm’s law:
Vohmic = _(1 * I')

The mass transport (or concentration losses—see Chapter 5) can be
calculated using the following equation:

Vconc = alphal* ik *11‘1(1 — ij
I

To insure that there are no negative values calculated for Vg,
for the MATLAB program, the mass transport losses will only be

calculated if 1- (i) >0, else Vone = 0.
1L

The Nernst voltage can be calculated using the following
equation:

E Nernst — - 12

_ Gf,liq R*Tk *].n PHzO
2+«F  2xF Pu, *Pg,

Since all of the voltage losses had a (-) in front of each equation,
the actual voltage is the addition of the Nernst voltage plus the voltage
losses:

V = ENernst + Vact + Vohmic + VCOHC

Using MATLAB to solve:

%% %% %0 %o %o %o Yo Yo %o %0 %0 %o %o Yo Yo Yo Yo Yo Yo Yo %o %0 Yo Yo Yo Yo Yo Yo Yo Yo Yo %o

% EXAMPLE 3-3: Calculating the Voltage Losses for a
Polarization Curve

% UnitSystem SI
%% %0 %0 %o %o %o Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

R = 8.314; % ldeal gas constant (J/molK)
F = 96487; % Faraday’s constant (Coulombs)
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Tc = 80; % Temperature in degrees C

P_H2 =3; % Hydrogen pressure in atm

P_air = 3; % Air pressure in atm

A_cell=100; % Area of cell

N_cells=90; % Number of Cells

r=0.19; % Internal Resistance (Ohm-cm”2)
Alpha = 0.5; % Transfer coefficient

Alphal = 0.085; % Amplification constant

io =10"-6.912; % Exchange Current Density (A/cm/2)
il=1.4; % Limiting current density (A/cm2)
Gf_liq =-228170; % Gibbs function in liquid form (J/mol)
k=1.1; % Constant k used in mass transport

%% %0 %o %o %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Convert degrees C to K

Tk = Tc + 273.15;

% Create loop for current

loop = 1;

i=0;

for N = 0:150

i=i+0.01;

% Calculation of Partial Pressures

% Calculation of saturation pressure of water

x = -21794 + 0.02953.#Tc-9.1837.#(10.A-5).%(TcA2) + 1.4454 .+(10./-
7).%(Tc.A3);
P_H20 = (10.~x)

% Calculation of partial pressure of hydrogen
pp_H2 = 0.5.% ((P_H2)./(exp(1.653 .%1./(Tk.A1.334)))-P_H20)
% Calculation of partial pressure of oxygen
pp_02 = (P_air./exp(4.192 .xi/(Tk.AM.334)))-P_H20

% Activation Losses

b = R.xTk./(2.*#Alpha.*F);
V_act = -b.*log10(i./io); % Tafel equation

% Ohmic Losses

V_ohmic = -(i.*r);
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% Mass Transport Losses

term = (1-(i./il));

if term > 0

V_conc = Alphat .= (i.~k) .xlog(1-(i./il));
else

V_conc = 0;

end

% Calculation of Nernst voltage

E_nernst = -Gf _lig./(2.xF) — ((R.*Tk).xlog(P_H20./(pp_H2.*(pp_02.10.5))))./
(2.%F)

% Calculation of output voltage

V_out = E_nernst + V_ohmic + V_act + V_congc;
if term < 0

V_conc = 0;

break

end

if V_out<0

V_out = 0;

break

end

figure(1)

title(‘Fuel cell polarization curve’)
xlabel(‘Current density (A/lcm/2)’);
ylabel(‘Output voltage (Volts)’);
plot(i,V_out,™)

grid on

hold on

disp(V_out)

% Calculation of power

P_out = N_cells.*V_out.*i.*A_cell;
figure(2)

title(‘Fuel cell power’)
xlabel(‘Current density (A/cm/2)’);
ylabel(‘Power(Watts)’);
plot(i,P_out,™);

grid on

hold on

disp(P_out);

end
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Figures 3-11 and 3-12 are the polarization and power curve generated
from the code for Example 3-3. This polarization curve will not exactly
match the actual polarization curve for this fuel cell stack—but it is a good
start. The topics and code introduced in Chapters 7-10 will add to these
basic concepts, and will enable one to create even more accurate polariza-
tion curves.

3.7 Internal Currents and Crossover Currents

Although it is typically assumed that the electrolyte is not electrically
conductive and impermeable to gases, some hydrogen and electrons diffuse
through the electrolyte. The hydrogen molecules that diffuse through the
electrolyte result in a decrease in the actual electrons that travel to the
load. These losses are usually very small during fuel cell operation, but can
be significant when the fuel cell operates at low current densities, or when

Fuel cell polarization curve

Output voltage (Volts)

03 | | | | | |
l l l l l l *
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FIGURE 3-11. Polarization curve generated in MATLAB for Example 3-3.
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FIGURE 3-12. Power curve generated in MATLAB for Example 3-3.

it is at open circuit voltage. If the total electrical current is the sum of the
current that can be used and the current that is lost, then:

j- = iext + iloss (3'45)

The current density (A/cm?) in the fuel cell is i = i/A. If the total
current density is used in Equation 3-42, then:

E:EI_Eln(w) (3-46)
oF i

Hydrogen crossover and internal currents have different effects in the
fuel cell. Hydrogen that diffuses through the electrolyte typically will form
water and reduce the cell potential. Hydrogen crossover is a function of
the electrolyte properties, such as permeability, thickness, and partial
pressure”’.
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Chapter Summary

Understanding the reactions at the fuel cell anode and cathode is critical
when modeling fuel cells. This chapter covered the basic electrochemistry
needed to predict electrode kinetics, activation losses, currents, and poten-
tials in a fuel cell. The electrochemical reactions control the rate of power
generation and are the main cause of activation voltage losses. The activa-
tion overvoltage is the voltage loss due to overcoming the catalyst activa-
tion barrier in order to convert products into reactants. The equations
presented in this chapter help to predict how fast the reactants are con-
verted into electric current, and how much energy loss occurs during the
actual electrochemical reaction. In order to calculate the actual fuel cell
voltage, the concepts in this chapter will be combined with the fuel cell
charge and mass transport concepts in Chapters 4 and 5.

Problems

e (a) If a portable electronic device draws 2 A of current at a voltage of
12V, what is the power requirement for the device? (b) You would like
to design a device to have an operating lifetime of 72 hours. Assuming
100% fuel utilization, what is the minimum amount of H, fuel (in
grams) required?

e A hydrogen-air fuel cell has the following polarization curve parameters:
ip=0.005, = 0.5, and R; = 0.20 Ohm-cm?. The fuel cell operates at 60°C
and 2 bar. (a) Calculate the cell voltage at 0.7 A/cm?®. (b) Calculate the
voltage gain if the cell is going to be operated at 3 bar.

e Calculate the expected current density at 0.65 V if an MEA is prepared
with a catalyst-specific area of 600 cm?/mg and with Pt loading of 1 mg/
cm?, where the cell operates at 50 °C and 200 kPa. The cathode exchange
current density is 1 x 107'° A/cm? of platinum surface. What potential
gain may be expected at the same current density if the Pt loading on
the cathode is increased to 2 mg/cm??

e A hydrogen/air fuel cell operates at 25°C and 1 atm. The exchange
current density at these conditions is 0.002 mA/cm? of the electrode
area. Pt loading is 0.5 mg/cm? and the charge transfer coefficient is 0.5.
The electrode area is 16 cm?. (a) Calculate the theoretical fuel cell poten-
tial at these conditions. (b) The open-circuit voltage for this fuel cell is
1.0 V. Calculate the current density loss due to hydrogen crossover or
internal currents.

¢ What is the limiting current density of a 100-cm? fuel cell with a hydro-
gen flow rate of 1 g/s?
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CHAPTER 4

Fuel Cell Charge Transport

4.1 Introduction

The electrochemical reactions that occur in the fuel cell catalyst layers are
one of the most important concepts to understand when trying to model a
fuel cell. In addition to the activation losses, there are also losses during
the transport of charge through the fuel cell. Electronic charge transport
describes the movement of charges from the electrode where they are pro-
duced, to the load where they are consumed. The two major types of
charged particles are electrons and ions, and both electronic and ionic losses
occur in the fuel cell. The electronic loss between the bipolar, cooling, and
contact plates is due to the degree of contact that the plates make with
each other due to the compression of the fuel cell stack. Tonic transport is
far more difficult to predict and model than fuel cell electron transport.
The ionic charge losses occur in the fuel cell membrane when H* ions travel
through the electrolyte. This chapter will cover the fuel cell electronic and
ionic charge transport and voltage losses due to transport resistance. The
specific topics to be covered are:

e Voltage loss due to charge transport
¢ Electron conductivity of metals
e ITonic conductivity of polymer electrolytes

Charge transport resistance results in a voltage loss for fuel cells called
ohmic loss. Common methods of reducing ohmic losses include making
electrolytes as thin as possible, and employing high conductivity materials
that are well connected to each other.

4.2 Voltage Loss Due to Charge Transport

Every material has an intrinsic resistance to charge flow. The material’s
natural resistance to charge flow causes ohmic polarization, which results
in a loss in cell voltage. All fuel cell components contribute to the total
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electrical resistance in the fuel cell, including the electrolyte, the catalyst
layer, the gas diffusion layer, bipolar plates, interface contacts, and terminal
connections. The reduction in voltage is called “ohmic loss,” and includes
the electronic (Ree.) and ionic (Ri) contributions to fuel cell resistance.
This can be written as:

Vohmic = iRuhmic = i(Relec + Rionic) (4_1)

Rionic dominates the reaction in Equation 4-1 because ionic transport
is more difficult than electronic charge transport. R;,;. represents the ionic
resistance of the electrolyte, and R includes the total electrical resistance
of all other conductive components, including the bipolar plates, cell inter-
connects, and contacts.

The material’s ability to support the flow of charge through the mate-
rial is its conductivity. The electrical resistance of the fuel cell components
is often expressed in the literature as conductance (o), which is the recipro-
cal of resistance:

i

o= (4-2)

Rohmic

where the total cell resistance (Rynmic) is the sum of the electronic and ionic
resistance. Resistance is characteristic of the size, shape, and properties of
the material, as expressed by Equation 4-3:

R = Lcond (4_3)
O-Acond

where L4 is the length (cm) of the conductor, A..q is the cross-sectional
area (cm?) of the conductor, and o is the electrical conductivity (ohm™ cm™).
The current density, j, (A/cm?), can be defined as:

(4-4)

or
j = ncarriersqurift = o-é (4-5)

where A.. is the active area of the fuel cell, n,yicrs is the number of charge
carriers (carriers/cm?), q is the charge on each carrier (1.6 x 107" C), vy is
the average drift velocity (cm/s) where the charge carriers move, and & is
the electric field. The general equation for conductivity is:

o= nqé (4-6)
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The term ~ can be defined as the mobility, u;. A more specific

equation for material conductivity can be characterized by two major
factors: the number of carriers available, and (2) the mobility of those car-
riers in the material, which can be written as:

O; = (|Zi|*F)*Ci*ui (4'7)

where ¢; is the number of moles of charge carriers per unit volume, u; is
the mobility of the charge carriers within the material, z; is the charge
number (valence electrons) for the carrier, and F is Faraday’s constant.

Fuel cell performance will improve if the fuel cell resistance is
decreased. The fuel cell resistance changes with area. When studying ohmic
losses, it is helpful to compare resistances on a per-area basis using current
density. Ohmic losses can be calculated from current density using Equa-
tion 4-8:

Uohmic = j(ASRohmic) = j(AcellRohmic) (4'8)

where ASRmic 1S area-specific resistance of the fuel cell. The conduction
mechanisms are different for electronic versus ionic conduction. In a metal-
lic conductor, valence electrons associated with the atoms of the metal
become detached and are free to move around in the metal. In a typical
ionic conductor, the ions move from site to site, hopping to ionic charge
sites in the material. The number of charge carriers in an electronic con-
ductor is much higher than an ionic conductor. Electron and ionic transport
is shown in Figures 4-1 and 4-2.

FIGURE 4-1. Electron transport in a metal.
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’ Rest of Polymer Membrane

— Sulfonic Acid Group

Water Molecule

FIGURE 4-2. Tonic transport in a polymer membrane.

Therefore, with increasing land area, or decreasing channel area, the
contact resistance losses will decrease and the voltage for a given current
will be higher. This concept is illustrated in Figure 4-3.

As mentioned previously, one of the most effective ways for reducing
ohmic loss is to either use a better ionic conductor for the electrolyte layer,
or a thinner electrolyte layer. Thinner membranes are advantageous for
PEM fuel cells because they keep the anode electrode saturated through
“back” diffusion of water from the cathode. At very high current densities
(fast fluid flows), mass transport causes a rapid dropoff in the voltage,
because oxygen and hydrogen simply cannot diffuse through the electrode
and ionize quickly enough, therefore, products cannot be moved out at the
necessary speed’.

Since the ohmic overpotential for the fuel cell is mainly due to ionic
resistance in the electrolyte, this can be expressed as:

. . 5 ic j 5 ic
Vohmic = lRohmic = ]Acell( thick ) = JOhick (4'9)
O-Afuelcell o
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where A is the active area of the fuel cell, S is the thickness of the
electrolyte layer, and o is the conductivity. As seen from Equation 4-9 and
Figure 4-4, the ohmic potential can be reduced by using a thinner electro-
lyte layer, or using a higher ionic conductivity electrolyte.

Table 4-1 shows a summary and comparison of electronic and ionic
conductors and the fuel cell components that are classified under each

type.

TABLE 4-1

Comparison of Electronic and Ionic Conduction for Fuel Cell Components

Materials Conductivity — Fuel Cell Components

Electronic Conductors

Metals 10° to 107 Bipolar plates, gas diffusion layer,
contacts, interconnects, end plates

Semiconductors 107 to 10* Bipolar plates, end plates

Ionic Conductors

Solid/polymer electrolytes 107! to 10? PEMFC Nafion electrolyte

Cell Voltage & Current Density Based Upon Land to Channel
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FIGURE 4-3. Cell voltage and current density based upon land to channel.
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Cell Voltage & Current Density Due to Electrolyte Thickness
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FIGURE 4-4. Cell voltage and current density due to electrolyte thickness.

The total fuel cell ohmic losses can be written as:

1 1 1
ohmic = JA Y R=1A| —/—+——+—=
Vo ] z ' [O’aA oA O'cAi|

(4-10)

where 1 is the length or thickness of the material. The first term in Equa-
tion 4-9 applies to the anode, the second to the electrolyte, and the third
to the cathode. In the bipolar plates, the “land area” can vary depending
upon flow channel area. As the land area is decreased, the contact resistance
increases since the land area is the term in the denominator of the contact
resistance:

Reontact = M and Ao = Land Area (4'1 1)

Acontact
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EXAMPLE 4-1: Calculating the Ohmic Voltage Loss

Determine the ohmic voltage loss for a 100 cm* PEMFC that has an
electrolyte membrane with a conductivity of 0.20 Q' cm™ and a thick-
ness of 50 microns (um). The current density is 0.7 A/em?* and R,y for
the fuel is 0.005 Q. Plot the ohmic voltage losses for electrolyte thick-
nesses of 25, 50, 75, 100, and 150 microns (um).

First, calculate R, based upon electrolyte dimensions to calculate
Vohmic. The current of the fuel cell is

I=iA = 0.7A/cm? x 100cm?® = 70A

L 0.0050cm
oA (0.10Q'cm™)*(100cm?)

=5x10"Q

Vohmic = I(Relec + Rionic) = 70A>’< (OOOSQ +5x 10_49) = 0385V

If this equation is calculated for thinner and thicker membranes,
one will notice that the ohmic loss is reduced with thinner mem-
branes.

Using MATLAB to solve:

%% Yo Yo Yo %o %o Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 4-1: Calculating the Ohmic Voltage Loss

% UnitSystem SI

%% Yo %o %o %o %o Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

i=0.7; % Current density (A/cm/2)
A =100; % Area (cm”"2)

L = 0.0050; % Electrolyte thickness (cm)
sigma = 0.1; % Conductivity (ohms/cm)

R_elec = 0.005; % Electrical resistance (ohms)

%% %o %Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate the total current

| = I*A;

% Calculate the total ionic resistance

R_ohmic = L / (sigma*A);
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% Calculate the Ohmic Voltage Loss

V_ohm = I.*(R_elec + R_ohmic)

i=0:0.01:1; % Current range

L1 =0.0025; % Electrolyte thickness of 25 microns
L2 =0.0050; % Electrolyte thickness of 50 microns
L3 =0.01; % Electrolyte thickness of 100 microns
L4 = 0.015; % Electrolyte thickness of 150 microns

% Calculate the total current
I = 1+A;
% Calculate the ohmic voltage loss

R_ionic1 = L1/(sigma=*A); V_ohm1 = |.x(R_elec + R_ionic1);
R_ionic2 = L2/(sigma*A); V_ohm2 = |.x(R_elec + R_ionic2);
R_ionic3 = L3/(sigma=*A); V_ohm3 = | .x(R_elec + R_ionic3);
R_ionic4 = L4/(sigmax*A); V_ohm4 = | .= (R_elec + R_ionic4);

% Plot the ohmic loss as a function of electrolyte thickness

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(i,V_ohm1,i,V_ohm2,i,V_ohm,i,V_ohm3,i,V_ohm4);

title(‘Ohmic Loss as a Function of Electrolyte Thickness’,'FontSize’,14,'FontWeight’,
‘Bold’)

xlabel(‘Current Density (A/lcmA2)’,‘FontSize’,12,‘FontWeight’,'Bold’);

ylabel(‘Ohmic Loss (V)','FontSize’,12,‘FontWeight’,'Bold’);

legend(‘L = 0.0025','L = 0.0050’,'L = 0.0075’,'L = 0.001’,'L = 0.015’)

set(hdlp,‘LineWidth’,1.5);

grid on;

Figure 4-5 illustrates the ohmic loss as a function of electrolyte thick-
ness when the current density is 0.8 A/cm? and the active area is 25 cm?.

EXAMPLE 4-2: Calculating the Ohmic Voltage Loss

Calculate the ohmic voltage losses for two fuel cell sizes at a current
density of 0.7 A/ecm™ (a) A; = 16 cm? R, = 0.05 Q; (b) A, =49 cm?, R, =
0.02 Q; (c) for A =1 to 100 cm?, R, = 0.05. Plot the ohmic loss as a func-
tion of fuel cell area.

(a)

ASR, = R|A| = (0.05Q)(16cm?) = 0.8Qcm?*

The ohmic loss can be calculated as follows:
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FIGURE 4-5. Ohmic loss as a function of electrolyte thickness.
The ohmic voltage losses are
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(b)
ASR, = RyA, = (0.020Q)(49cm?] = 0.98Qcm>
The ohmic loss can be calculated as follows:

A
cm?

Uohmic, = JIASRy) = (0.7 )O.98£2(:m2 =0.686V

Convert the current densities into fuel cells with currents:

A

S#49cm” = 34.3A
cm

i=jA,=0.7

The ohmic voltage losses are
Ushmic, = 1h(R,) = 34.3A%0.02Q = 0.686V

Using MATLAB to solve:

%% %% %o %o %o %o Yo Yo %o %0 %0 %o %o Yo Yo Yo Yo Yo Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% EXAMPLE 4-2: Calculating the Ohmic Voltage Loss with
% Different Fuel Cell

%% %0 %0 %0 %o %o %0 %0 %o Yo %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo
% Inputs

i=0.7; % Current Density (A/cmA2)
A1 =16; % Area 1 (cm”2)
R1=0.05; % Resistance (ohms)

A2 = 49; % Area 2 (cm/2)

R2 =0.02; % Resistance (ohms)

%% %o %0 %0 %o Yo %o %o Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Part a: Ohmic voltage losses for first fuel cell size

ASR1 = R1+Af;

% Calculate the ohmic voltage loss

V_ohm1 = i.x*ASR1;

% Calculate the total current

1 =ixAT1;
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% Calculate the ohmic voltage loss
V_ohmia =11.xR1

% Part b: Ohmic voltage losses for second fuel cell size
ASR2 = R2:*A2;

% Calculate the ohmic voltage loss
V_ohm2 = i.* ASR2;

% Calculate the total current

12 = i%A2;

% Calculate the ohmic voltage loss
V_ohm2b = 12.%R2

% Part c:

A =1:100;
ASR = R1#A;

% Calculate the ohmic voltage loss

V_ohm = i.#ASR;

% Calculate the total current

| = i%A;

% Calculate the ohmic voltage loss

V_ohm = [.xR1

% Plot of the ohmic losses as a function of fuel cell area

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(A,V_ohm);

title(‘Ohmic Loss as a Function of Fuel Cell Area’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Fuel Cell Area (cm”2)’,‘FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Ohmic Loss (V),'FontSize’,12,‘FontWeight’,'Bold’);

set(hdlp,‘LineWidth’,1.5);

grid on;

The plot of the ohmic losses as a function of fuel cell area for Example
4-2 is shown in Figure 4-6.
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Ohmic Loss as a Function of Fuel Cell Area
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FIGURE 4-6. Ohmic loss as a function of fuel cell area.

4.3 Electron Conductivity of Metals

The electronic conductivity of the metals used in a fuel cell is important
because it affects the charge transfer of electrons. Fuel cell components that
are typically made of metal include the flow field plates, current collectors,
and interconnects. A common expression for the mobility of free electrons
in a metal conductor can be written as:

T (4-12)
m,

where 7 gives the mean free time between scattering events, m, is the mass
of the electron (m =9.11 x 107! kg), and q is the elementary electron charge
in coulombs (q = 1.68 x 107 C).

Inserting Equation 4-12 into the equation for conductivity (4-7):

o |ze|c.qT
m,

(4-13)
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Carrier concentration in a metal can be calculated from the density
of free electrons’. Each metal atom contributes approximately one
electron.

4.4 Tonic Conductivity of Polymer Electrolytes

Ionic transport in polymer electrolytes follows the exponential relationship:
oT = e ™/ (4-14)

where oy represents the conductivity at a reference state, and E, is the
activation energy (eV/mol). As seen in Equation 4-14, the conductivity
increases exponentially with increasing temperature.

A good conductive polymer should have a fixed number of charge sites
and open space. The charged sites have a negative charge, and provide a
temporary resting place for the positive ion. Increasing the number of
charged sites raises the ionic conductivity, but an excessive number of
charged side chains may reduce the stability of the polymer. In addition,
increasing the free volume in the polymer allows more space for the ions
to move. In polytetrafluoroethylene (PTFE)-based polymer membranes like
Nafion, ions are transported through the polymer membrane by hitching
onto water molecules that move through the membrane. This type of
membrane has high conductivity and is the most popular membrane used
for PEM fuel cells. Nafion has a similar structure to Teflon, but includes
sulfonic acid groups (SO;H*) that provide sites for proton transport. Figure
4-7 shows the chemical molecule of Nafion.

[(CF,—CF;)—CF—CF.],

|
(0]

|

CF,

|

CF—CF;

| z
(0]

I
CF,
I
CF,

I
SO;H

FIGURE 4-7. Chemical structure of Nafion.
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The conductivity of Nafion is dependent upon the amount of hydra-
tion, and can vary with the water content. Hydration can be achieved by
humidifying the gases or by relying upon the water generated at the cathode.
In the presence of water, the protons form hydronium complexes (H;O7),
which transport the protons in the aqueous phase. When the Nafion is fully
hydrated, its conductivity is similar to liquid electrolytes.

The volume of Nafion can increase up to 22% when fully hydrated®.
Since the conductivity and the hydration of the membrane are correlated,
the water content can be determined through membrane conductivity. The
humidity can be quantified through water vapor activity ayacer vap:

awater_vap = p_w (4_ 1 5)

sat

where p,, represents the partial pressure of water vapor in the system, and
Psac TEPrEsents saturation water vapor pressure for the system at the tem-
perature of operation®.

The amount of water that the membrane can hold also depends upon
the membrane pre-treatment. For example, at high temperatures, the water
uptake by the Nafion membrane is much lower due to changes in the
polymer at high temperatures. The relationship between water activity on
the faces of the membrane and water content can be described by:

A=0.043+17.1 8awatelr_vap - 39'85(awater_vap )2 + 36(awater_vap )3 (4-16)

Water uptake results in membrane swelling, which changes the mem-
brane thickness along with its conductivity. Springer et al.® correlated the
ionic conductivity (o) (in S/cm) to water content and temperature with the
following relation:

1 1

o= (0.005139/1—0.00326)6Xp[1268( —)} (4-17)
303 T

Since conductivity is proportional to resistance, the resistance of the
membrane changes with water saturation and thickness. The total resis-
tance of a membrane (R,,) is found by integrating the local resistance over
the membrane thickness:

2 dz
Ro= | oo 1

where t,, is the membrane thickness, A is the water content of the mem-
brane, and o is the conductivity (S/cm) of the membrane. Since the protons
typically have one or more water molecules associated with them, the
conductivity and hydration both change simultaneously. This phenomenon
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of the number of water molecules that accompanies each proton is called
the electroosmotic drag (ng,,), which is:

A
Ngrag = ni‘;‘;gﬁ (4-19)

where ni, is the electroosmotic drag (usually between 2.5 £ 0.2, and 1 is
the water content (which ranges from 0 to 22 water molecules per sulfonate
group, and when A =22, Nafion is fully hydrated). The water drag flux from
the anode to the cathode with a net current j is®:

j
]HzO,drag = anragﬁ (4'20)

where Jy 0, is the molar flux of water due to the electroosmotic drag
(mol/scm?), and j is the current density of the fuel cell (A/cm?).

The electroosmotic drag moves water in the fuel cell from the anode
to the cathode. Since the reaction at the cathode produces water, it tends
to build up at the cathode, and some water travels back through the mem-
brane. This is known as “back diffusion,” and it usually occurs because the
amount of water at the cathode is many times greater than at the anode.
The water back-diffusion flux can be determined by:

pdry dﬂv
ackdiffusion = —D,— 4-21
JH,0 backdit M, dz ( )

where py,y is the dry density (kg/m?) of Nafion, M, is the Nafion equivalent
weight (kg/mol), D, is the water diffusivity, and z is the direction through
the membrane thickness.

The total amount of water in the membrane is a combination of the

electroosmotic drag and back diffusion, and can be calculated using Equa-
tion 4-22:

— InSAT j A Pay
]HZO,backdiffusion_ n -

dgop00 M,

DS (4-22)

The concepts introduced by Equations 4-15 to 4-22 are illustrated by
Example 4-3.

EXAMPLE 4-3: Calculating the Ohmic Voltage Loss Due to
the Membrane

A hydrogen fuel cell operates at 80°C at 1 atm. It has a Nafion 112
membrane of 50 um, and the following equation can be used for the water
content across the membrane: Az) = 5 + 2exp(100z). This fuel cell has a
current density of 0.8 A/cm? and the water activites at the anode and
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cathode are 0.8 and 1.0, respectively. Estimate the ohmic overvoltage
loss across the membrane.

Convert the water activity on the Nafion surfaces to water con-
tents:

A, =0.043 +17.18%0.8 — 39.85%0.8* + 36%0.8° = 7.2
A.=0.043 + 17.18%1 — 39.85%1* + 36 1° = 14.0

Using these values as boundary conditions, Equation 4-23 can be
arranged to create:

@ _ (an A a)iM_m
dz 899 7 )2FpyyD;
P 11
D, =10%exp|2416] ————— | [%2.563 -
303 353

0.33%10+0.0264+10* - 0.000671%10?

(0.7 A 1.01“*2.5)

cm?  mol

Alz) =%+Cexp c ] 5
' 22496500 0.00197 ~5.3.81+106°
S

mol cm

Az) = 4.40 + 2.30 % exp(109.8z)

C is determined from the boundary conditions where A(0) = 7.2 and
A0.0125) = 14.0, and A varies across the membrane.
The conductivity profile of the membrane is

o(z) = 0.005193(5 + 2.exp(100z) — 0.00326) x exp 1268(L - L)
303 333
olz) = 0.04107 + 0.018 78exp(100z)
The resistance of the membrane is
tm 0.0050
R, = [ - dz = 0.15 Qem?
o(A(z))

0.04107 + 0.01878exp(100z)

0 0

The ohmic overvoltage due to the membrane resistance in this fuel
cell is

Vebm = j X Ry = 0.8A/cm? x 0.15Qcm? = 0.12V

Using MATLAB to solve:
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%%% % %0 %o %o %o Yo Yo %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo %o

% EXAMPLE 4-3: Calculating the Ohmic Voltage Loss Due to
the membrane

% %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

global T; global F; global C; global alpha; global den_dry; global Sigma_a;
global z; global A; global n; global i; global Mn; global D;

Tc =20:10:80; % Temperature in Celsius

T=Tc + 273.15; % Temperature in Kelvin

z = 0.005; % Membrane Thickness (cm)

aw_a = 0.8; % Water activity at the anode

aw_c = 1; % Water activity at the cathode
n=2.5; % Electro-osmotic drag coefficient
i=0.8; % Current Density (A/cmA2)

Mn = 1; % Nafion equivalent weight(kg/mol)

F = 96487, % Faraday’s constant

den_dry = 0.00197; % membrane dry density(kg/cm/3)
CI=1213; % Constant dependent upon boundary conditions
alpha = 1.12; % Ratio of water flux to hydrogen flux

%% %% %0 %o %o %o Yo Yo %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo %o %0 Y0 Yo Yo Yo Yo Yo Yo Yo %o %o

% Convert the water activity on the Nafion surfaces to
water contents

lambda_anode = 0.043 + (17.81* (aw_a)) — (39.85 (aw_a”"2)) + (36 aw_a"3));
lambda_cathode = 0.043 + (17.81:* (aw_c)) — (39.85* (aw_c/"2)) + (36* (aw_c"3));

% Calculate the Water Diffusivity

D = (10.A-6) .xexp(2416 .* (1./303-1./T)) .* (2.563 — (0.33.%10) + (0.0264 .+ 10./2) —
(0.000671 .%10./3));

delta_lambda = ((11 .xalpha)./n) + C.xexp(((i.*Mn.xn)./(22 .xF .xden_dry .= D)).* z);

Sigma_a = exp(1268.x((1./303) — (1./T))) .* (0.005 139 .+ delta_lambda —
0.00326);%S/m

Sigma_c = exp(1268.:((1./303) — (1./T))).*(0.005 139 .+ delta_lambda —
0.00326);%S/m

Re_a = quad(‘thick’,0,0.0050)

V_ohm =i*Re_a

% Plot

z = 0:0.002:0.0125;

delta_lambda = ((11 .xalpha)./n) + C.xexp(((i.*Mn.xn)./(22 .x F .xden_dry.xD)).x z);

Sigma = exp(1268 . ((1./303) — (1./T))) .* (0.005 139 .+ delta_lambda —
0.00326);%S/m
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% Plot the membrane thickness and water content

figure1 = figure(‘Color’,[1 1 1]);

hdlp = plot(z,delta_lambda);

titte("Membrane Thickness and Water Content’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Membrane Thickness (cm)’,‘FontSize’,12,'FontWeight’,'Bold’);
ylabel(‘Water Content(H20/SO3)’,'FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot the membrane thickness and local conductivity

figure2 = figure(‘Color’,[1 1 1]);

hdlp = plot(z,Sigma);

titte(‘Membrane Thickness and Local Conductivity’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Membrane Thickness (cm)’,‘FontSize’,12,'FontWeight’,'Bold’);

ylabel(‘Local Conductivity(S/cm)’,‘FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘'LineWidth’,1.5);

grid on;

%0%% %0 %0 %o %o %o %o %o %o %o %0 %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %0 %0 Y0 Yo Yo Yo % %Yo

function y = thick(z);

T = 8588

y = 1./(exp(1268((1/303) — (1/T)))*(0.005 139 ((11:1.12/2.5) + 2.3xexp(((0.7 *
2.5)/(22* ...96500%0.00197*3.81 +107-6)) * z)) — 0.00326)); % S/m

The figures generated in Example 4-3 are illustrated by Figures 4-8 and
4-9.

Chapter Summary

The transport of charges through, the fuel cell layers (except the membrane)
occurs through conduction. Therefore, ohmic losses occur due to the lack
of proper contact by the gas diffusion layer, bipolar plates, cooling plates,
contacts, and interconnect. However, the largest ohmic loss occurs during
the transport of ions through the membrane. To decrease the ionic losses
through the membrane, either the membrane needs to become more con-
ductive or the membrane needs to become thinner. It is usually easier to
make the membrane thinner because developing high conductivity electro-
lytes is very challenging. The challenge occurs in creating a material that
not only is highly conductive, but also stable in a chemical environment
and able to withstand the required fuel cell temperatures. The electrolyte
equations presented in this chapter are applicable for Nafion, but if another
type of electrolyte is employed, the equations may need to be altered to
suit the chemistry.
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Problems

e A 10-cm” fuel cell has Ry = 0.01 Q and Gjecerolyee = 0.10 Q7' cm ™. If the
electrolyte is 100 um thick, predict the ohmic voltage losses for the fuel
cell at j = 500 mA/cm?.

e Estimate the ohmic overpotential for a fuel cell operating at 70°C. The
external load is 1 A/cm? and it uses a 50-um-thick membrane. The
humidity levels a,, node and ay, cahode are 1.0 and 0.5, respectively.

e A fuel cell is operating at 0.8 A/cm? and 60°C. Hydrogen gas at 30°C
and 50% relative humidity is provided to the fuel cell at a rate of 2 A.
The fuel cell area is 10 cm?, and the drag ratio of water molecules to
hydrogen is 0.7. The hydrogen exhaust exits the fuel cell at 60°C and p
=1 atm.

e In a PEMFC, the water activities on the anode and cathode sides of a
Nafion 115 membrane are 0.7 and 0.9, respectively. The fuel cell is
operating at a temperature of 60°C and 1 atm with a current density of
0.8 A/cm?”. Estimate the ohmic overvoltage loss across the membrane.

Endnotes

[1] Lin, B. Conceptual design and modeling of a fuel cell scooter for urban Asia.
1999. Princeton University, masters thesis.

[2] O’Hayre, R., S.-W. Cha, W. Colella, and F.B. Prinz. Fuel Cell Fundamentals.
2006. New York: John Wiley & Sons.

[3] Ibid.

[4] Ibid.

[5] Springer et al. Polymer electrolyte fuel cell model. J. Electrochem. Soc. Vol.
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CHAPTER 5

Fuel Cell Mass Transport

5.1 Introduction

In order to produce electricity, a fuel cell must be supplied continuously
with fuel and oxidant. In addition, product water must be removed con-
tinually to insure proper fuel and oxidant at the catalyst layers to maintain
high fuel cell efficiency. Voltage losses occur in the fuel cell due to activa-
tion losses (Chapter 3), ohmic losses (Chapter 4), and mass transport limi-
tations—which is the topic of this chapter. Mass transport is the study of
the flow of species, and can significantly affect fuel cell performance. Losses
due to mass transport are also called “concentration losses,” and can be
minimized by optimizing mass transport in the flow field plates, gas diffu-
sion layer, and catalyst layer. This chapter covers both the macro and micro
aspects of mass transport. The specific topics to be covered are:

Fuel cell mass balances

Convective mass transport from flow channels to electrode
Diffusive mass transport in electrodes

Convective mass transport in flow field plates

Mass transport equations in the literature

In conventional fuel cells, the flow field plates have channels with dimen-
sions in millimeters or centimeters. Due to the size of these channels, mass
transport is dominated by convection and the laws of fluid dynamics. Con-
vection is the movement of fluid flow due to density gradients or hydro-
dynamic transport, and is characterized by laminar or turbulent flow and
stagnant regions. This type of flow dominates mass transfer in the flow
channels. High fuel and oxidant flow rates sometimes insure good distribu-
tion of reactants, but if the flow rate is too high, the fuel may move too
fast to diffuse through the GDL and catalyst layers. In addition, delicate
fuel cell components such as the membrane can rupture.

Mass transport in the fuel cell GDL and catalyst layers is dominated
by diffusion due to the tiny pore sizes of these layers (4 to 10 microns). In
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a flow channel, the velocity of the reactants is usually slower near the
walls; therefore, this aids the flow change from convective to diffusive. The
mass transport theory described in this chapter will help the reader to write
mass balances, predict fuel cell flow rates, and calculate the mass transfer
in the flow channels, electrodes, and membrane.

5.2 Fuel Cell Mass Balances

Before convective and diffusive flows are covered, the overall mass flows
through the fuel cell need to be discussed. These flow calculations, or mass
balances, are critical for determining the correct flow rates for a fuel cell.
In order to properly determine these mass flow rates, the mass that flows
into and out of each process unit (or control volume) in the fuel cell sub-
systems, stack, or fuel cell layer need to be accounted for. The procedure
for formulating a mass balance can be applied to any type of system, and
is as follows:

1. A flow diagram must be drawn and labeled. Enough information
should be included on the flow diagram to have a summary of each
stream in the process. This includes known temperatures, pres-
sures, mole fractions, flow rates, and phases.

2. The appropriate mass balance equation(s) must be written in order
to determine the flow rates of all stream components and to solve
for any desired quantities.

An example flow diagram is shown in Figure 5-1. Hydrogen enters
the cell at temperature, T, and pressure, P, with the mass flow rate, my,.
Oxygen enters the fuel cell from the environment at a certain T, P, and
me,. The hydrogen and oxygen react completely in the cell to produce

Work, W
Hz(g) at T, P, myp T
—_—
H,O(D) at T, P, muo
Fuel Cell

Oy(g) at T, P, me;

FIGURE 5-1. Detailed flowchart to obtain mass balance equation.
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water, which exits at a certain T, P, and myyo. This reaction can be described
by:

2Hy(g) + Oafg) = 2H,0(1)

W, in Figure 5-1 is the work available through chemical availability.
The generic mass balance for the fuel cell in this example is:

My + Moy = My,o + W (5-1)

The formal definition for material balances in a system (or control
volume) can be written as:

Input (enters through system boundaries)
+ Generation (producted within the system)
— Output (leaves through system boundaries)
— Consumption (consumed within the system)
= Accumulation (buildup within the system)

Generally, the fuel cell mass balance requires that the sum of all of
the mass inputs is equal to the mass outputs, which can be expressed as:

Z(mi)m = Z(mi)out (5-2)

where i is the mass going into and out of the cell, and can be any species,
including hydrogen, oxygen, and water. The flow rates at the inlet are pro-
portional to the current and number of cells. The cell power output is:

Wel = ncellvcelll (5_3)
where n. is the number of cells, V. is the cell voltage, and I is the current.

All of the flows are proportional to the power output and inversely propor-
tional to the cell voltage:

I'nccll= (5'4)
cell
The inlet flow rates for a PEM fuel cell are as follows:
The hydrogen mass flow rate is
M
My, in = Sh, ﬁl'nceu (5'5)

2F
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The oxygen mass flow rate (g/s) is

M
Mo, in = 8024_;21'nccll (5'6)
The air mass flow rate (g/s) is
Majrin = Sﬂ%l'ncell (5'7)
' 1o, 4F

The nitrogen mass flow rate (g/s) is

Mps 1 =To0in
02 E—
4F  Toyin

mNZ,in =S I Neen (5_8)

Water vapor in the hydrogen inlet is

MHZO (panPVS(Tan,in)

My0mH2LIn = S In 5-9
H20inH2,in H F Pan . PVS(Tan/in] cell ( )
Water vapor in the oxygen inlet is
Muso  PeaPosiTinim)
M{20in02,in = Sos I'ney (5'10)

4F Pca - (Pca PVS(Tan,in)
Water vapor in the air inlet (g/s) is

Soz Mmoo q’caP (Tan,in)
M H)Oinairin = . - I'nen (5-11)
1Y) 4F Pca - (pcans(Tan,m)

The outlet flow rates for a PEM fuel cell are as follows:

The unused hydrogen flow rate is

M,
2F

M out = (SHZ - 1) I'ney (5'12)

The oxygen flow rate at the outlet is equal to the oxygen supplied
at the inlet minus the oxygen consumed in the fuel electrochemical
reaction:

M
mOZ,Out = (SOZ - 1)4_;21 ‘Neen (5'1‘3)

The nitrogen flow rate at the exit is the same as the inlet because
nitrogen does not participate in the fuel cell reaction:
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Mns 1-100in
02 E—
4F  Togin

I'nccll (5-14)

MN2out = MN2in = S

The depleted air flow rate is then simply a sum of the oxygen and
nitrogen flow rates:

I Neen

1-r1 in
Myir out = |:(Soz —1)Mo, +Sos ¢MN2:| AT

To2in

(5-15

The oxygen volume fraction at the outlet is much lower than the inlet
volume fraction:

(5-16)
S&_l

1’02,0ut =

102,in

The additional outlet liquid and vapor water flow rates and balances
for a PEM fuel cell are described by equations 5-17 through 5-20:

The water vapor content at the anode outlet is the smaller of the total
water flux:

MHZO PVS(Tout,an)

OF P — APy —Pran

I'n.y, M p20in,H20ut

(5-17)

— \
M 20inH20ut, vV = m1n|:(SH2 -1

where AP,, is the pressure drop on the anode side. The amount of liquid
water is the difference between the total water present and the water
vapor:

Mi10in,H20ut, L = M20in H2out — MEOin,Hlout,V (5-18)
Water content in the cathode exhaust is equal to the amount of water

brought into the cell, plus the water generated in the cell, along with the
water transported across the membrane:

M0oinAirout = ME20inAirin T MH10gen T Mp20ED — MHE0BD (5‘19 )
The water vapor content at the cathode outlet is:

So2 — Toain \MHZO Pos(Touganl
I.02/in J 4F Pca - APca - va(Tom,an)

I Deenr, Mp20in Airout

(5-20)

M y20in,Airout, v = m1n|:[
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EXAMPLE 5-1: Water Injection Flow Rate

A hydrogen-air PEM fuel cell generates 500 watts (W) at 0.7 V. Dry
hydrogen is supplied in a dead-end mode at 20°C. The relative humidity
of the air at the fuel cell inlet is 50% at a pressure of 120 kPa. Liquid
water is injected at the air inlet to help cool the fuel cell. The oxygen
stoichiometric ratio is 2, and the outlet air is 100% saturated at 80°C
and atmospheric pressure. What is the water injected flow rate (g/s)?

The water mass balance is

mHlO_aiI_in + mHZO_In]'ect + mHZO_gen = mHZO_in_air_out

In order to calculate the amount of water in air, the saturation
pressure needs to be calculated. To calculate the saturation pressure
(in Pa) for any temperature between 0°C and 100°C:

-1 2 3
Dys = eaT +b+cT+dT*+eT° +fIn(T)

where a, b, ¢, d, e, and f are the coefficients.

a=-5800.2206, b = 1.3914993, ¢ = —0.048640239, d = 0.41764768 x
10, e = -0.14452093 x 107, and f = 6.5459673

with T = 293.15, pvs = 2.339 kPa.
The amount of water in air can be calculated:

SOZ MHZO ¢CHPVS(Tca,in)
1t nF Pca - ¢cans(Tcaym)

My20,airin = I'nen

2 18.015 0.50%2.339 500W “1
0.2095 (4%96,485As/mol) 120kPa — 0.50%2.339 0.7V

M20,airin =

M0, ain = 0.00313g/s
Water generated is

I 714.29
Mp0,gen = S 1VlH20

=———"—18.015=0.0667g/s
nF 2%96,485

Water vapor in air out is

| So2 —102,in \MHzo Py Ty
M20in,H2out,V = I'nen
102,in ) 4F Pca - APca - Pv

S(Tout, ca)
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First calculate the saturation pressure:

T = 80°C = 353.15K, Pvs = 47.67kPa, Pca — APca = 101.325kPa

2-0.2095) 18.015 47.67 500,
0.2095 )(4%96,485)(101.325—47.67) 0.7

My20in,H20ut,V = [(
MH)0in airout = 0.253g/s
The water balance is therefore:
M0 _air_in T MH20_Inject T MH20_gen = MH20_in_air_out
0.003 13 + Mpu0inject + 0.0667 = 0.253
Mpoinject = 0.223 17g/s

Using MATLAB to solve:

%% %% %o %o %o %o Yo Yo Yo %o %o %o o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 5-1: Water Injection Flow Rate

%% %0 %0 %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

T_H2_in =20 + 273.15; % Hydrogen inlet temperature
T_air_out = 80 + 273.15; % Air inlet temperature

phi = 0.5; % Relative humidity

P = 120; % Pressure (kPa)

n_cell =1; % No. of cells

Power = 500; % Power (watts)

V =0.7; % Voltage (V)

M_H20 = 18.015; % Molecular weight of water

F = 96,485; % Faraday’s law

S 02=2; % Oxygen stoichiometric ratio
r_02 = 0.2095; % Mole fraction of oxygen in air
r_02_in =r_02;

% %% Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate the current

| = Power/V;
n=4;
Pvs_in = Pvs(T_H2_in); % Calculate the saturation pressure at T_H2_in
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% Calculate the amount of water in air

m_h2o_air_in = S_02:xphixM_H20:*Pvs(T_H2_in)*1+n_cell/ (r_O2*n*Fx(P —
phi*Pvs_in));
n=2;

% Calculate the water generated

m_h2o_gen = |+*M_H20/(n*F);
DeltaPca = 18.675;

% Calculate the saturation pressure at T_air_out
Pvs_out = Pvs(T_air_out);
% Calculate the water vapor in the air outlet

m_h2o_in_air out = (S_02 - r_02_in)/r_02_in*M_H20/(4 =F)*Pvs_out/(P -
DeltaPca — Pvs_out)* |+ n_cell;

% The water injected flow rate is:
m_h2o_inject = m_h2o_in_air_out — m_h20_air_in — m_h20_gen;
%o %% %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

function result = Pvs(T);

T=T+ 273.15;

a = -5800.2206;

b = 1.3914993;

c = —0.048640239;

d = 0.000041764768;

e = -0.000000014452093;

f = 6.5459673;

result = exp(a/T + b + c*T +d*T=*T + exT*T=*T + fxlog(T))/1000;

EXAMPLE 5-2: Calculating Mass Flow Rates

A PEM fuel cell with 100 cm? of active area is operating at 0.50 A/cm?
at a voltage of 0.70. The operating temperature is 75°C and 1 atm with
air supplied at a stoichiometric ratio of 2.5. The air is humidified by
injecting hot water (75 °C) before the stack inlet. The ambient air condi-
tions are 1 atm, 22 °C, and 70% relative humidity. Calculate the air flow
rate, the amount of water required for 100% humidification of air at the
inlet, and the heat required for humidification.

The oxygen consumption is

I 0.50A/cm?* x100cm?”
Noy=-—=

=0.129 x10*mol/s
4F 4% 96,485
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The oxygen flow rate at the cell inlet is
Noy = SNog cons = 2.5 X 0.129 x 107 = 0.324 x 10~ mol/s

1 0.324x107°
N = Nogaee m— = ——-7——

= =1.54x10"mol/s
Yoo 0.21

m,;, = Nymy, = 1.54 x 10 mol/s x 28.85g/mol = 0.0445mol/s
The amount of water in air at the cell inlet where ¢ =1 is

Mo Pys
Mo = XsMyir and Xs = =
My P- Pvs

where p,, is the saturation pressure at 348.15 K, and P is the total pres-
sure (101.325 kPa).

-1 2, 3
Pys = eaT +b+cT+dT+e T+ In(T) — 3861<Pa

_Mgmpo Pw 18 38.6
X

- - =0.384 i
m,, P—p. 2885(101.325-38.6) g20/8

S

Mypo = XM,i = 0-384gH20/gair X 0.128gm/8 = 0.0491gH20/S
The amount of water in ambient air at 70% RH and 295.15 K is

X. = Moo PDys _ 18 0.70x2.645

= =0.011 "
m,, P-gp. 2885101.325-0.7x2.645 g0/

Myipo = XM,i = 0.01 16gH20/gair X 0.128gair/s = 0001486gH20/S
The amount of water needed for humidification of air is
Mo = 0.0491 — 0.001486 = 0.047614g,0/s

The heat required for humidification can be calculated from the
heat balance.

Hair,in + HHZO,in + Q = Hair,out
The enthalpy of wet/moist air is
hvair = Cp,airt + X(Cp,vt + hfg)

Humidified air:




106 PEM Fuel Cell Modeling and Simulation Using MATLAB®

hyair = 1.01 X 75 + 0.384 x (1.87 x 75 + 2500) = 1089.61]/g
Ambient air:
hy.; = 1.01 x 22 + 0.0116 x (1.87 x 22 + 2500) = 51.70]/g
Water:
hipo = 4.18 x 75 = 313.5]/g

Q = 1089.61]/g x 0.128g/s — 51.70]/g x 0.128g/s — 313.5]/g x 0.0157g/s
=127.93W

Using MATLAB to solve:

%% %0 %0 %o %o %o Yo Yo Yo %o %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 5-2: Calculating Mass Flow Rates

%% %0 %0 %o %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

area = 100; % Fuel cell active area (cm”2)
i=0.5; % Current density (A/cm/2)
stoichiometric_ratio = 2.5; % Stoichiometric ratio

T_operating = 75 + 273.15; % Operating temperature
T_ambient_air = 22 + 273.15; % Temperature of ambient air

phi_ambient = 0.7; % Relative humidity

P =101.325; % Pressure

M_H20 = 18.015; % Molecular weight of water
M_AIR = 28.85; % Molecular weight of air
r_02 = 0.2095; % Percent of oxygen in air
F = 96485; % Faraday’s constant

%% %o %Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate current

| = i*area;

% Oxygen consumption

N_O2_CONS = I/(4*F);

% The oxygen flow rate at the cell inlet

N_0O2_Act = stoichiometric_ratio+* N_O2_CONS;
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% The air flow rate at the cell inlet

N_Air = N_O2_Act/r_02;

% The molar flow rate of air is

m_air = M_AIR *N_Air;

% The saturation pressure at the operating temperature
Pvs_op = Pvs(T_operating);

% Mole fraction of water in air

x_s_op = M_H20/M_AIR *Pvs_op/(P — Pvs_op);
m_air2 = 0.128;

% Amount of water needed for the humidification of air
m_h2o_in_air = Xx_s_op*m_air2;

% Saturation pressure of air

Pvs_amb = Pvs(T_ambient_air);

% Mole fraction of water in ambient air

x_s_amb = (M_H20O/M_AIR)*phi_ambient*Pvs_amb/(P — phi_ambient:*Pvs_
amb);

% Mass of water in ambient air
m_h2o_in_amb_air = x_s_amb*m_air2;
% Amount of water needed for humidification of air

m_h2o_needed = m_h20_in_air — m_h2o_in_amb_air;
c_p_air = 1.01;

c_p_v=1.87;

c_p_water = 4.18;

h_fg = 2500;

% Heat required for humidified and ambient air, and water

h_humidified_air = c_p_air*T_operating + x_s_op*(c_p_v*T_operating + h_fg);
h_ambient_air = c_p_air+T_ambient_air + x_s_amb*(c_p_v*T_ambient_air +

h_fg);
h_water = c_p_water*T_operating;

% Total heat required

Q = h_humidified_air*0.128 — h_ambient_air*0.128 — h_water*0.0157;
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%% Yo Yo Yo %o %o Yo o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate the situation pressure a) the operating temp

function result = Pvs(T);

T=T+ 273.15;
a = —5800.2206;
b = 1.3914993;

¢ = —20.048640239;

d = 0.000041764768;

e = -0.000000014452093;

f = 6.5459673;

result = exp(@/T + b +c*T + d*«T*T + exT*T=*T + f+log(T))/1000;

5.3 Convective Mass Transport from Flow Channels to Electrode

Figure 5-2 illustrates convective flow in the reactant flow channel and dif-
fusive flow through the gas diffusion and catalyst layers. The reactant is
supplied to the flow channel at a concentration C,, and it is transported
from the flow channel to the concentration at the electrode surface, C;,
through convection. The rate of mass transfer is then:

m = Auechn(Co — C.) (5-21)

where Ag.. is the electrode surface area, and h,, is the mass transfer
coefficient.

The value of h,, is dependent upon the wall conditions, the channel
geometry, and the physical properties of species i and j. H, can be found
from the Sherwood number:

b =shu

h

(5-22)

where Sh is the Sherwood number, Dy, is the hydraulic diameter, and Dj; is
the binary diffusion coefficient for species i and j. The Sherwood number
depends upon channel geometry, and can be expressed as:

_ hyDy

Sh
k

(5-23]

where Sh = 5.39 for uniform surface mass flux (m = constant), and Sh =4.86
for uniform surface concentration (C, = constant).

The binary diffusion coefficient for hydrogen, oxygen, and water is
given in Appendix G. If the binary diffusion coefficient needs to be calcu-



Fuel Cell Mass Transport 109

Hydrogen

,;ft‘
& =\0
a4

Cy

ryy’ :Lg_ 2 =\
ot

w3 WA
P

&

000000000000000P0000000000000000

Reactant Flow Gas Diffusion
Channel Layer
Convection Diffusion

Electrolyte
Layer
Catalyst Layer
(Carbon-Supported
Catalyst)
Diffusion and
Reaction

FIGURE 5-2. Fuel cell layers (flow field, gas diffusion layer, catalyst layer) that have
convective and diffusive mass transport.

lated at a different temperature than what is shown in Appendix G, the
following relation can be used:

T\
D;(T) = Dyj{ Tyef) *( T j (5-24)
ref
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where T, is the temperature that the binary diffusion coefficient is given
at, and T is the temperature of the fuel.

There are several equations that are commonly used in the literature
that govern the mass transfer to the electrode. One of these is the Nernst-
Planck equation. This equation for one-dimensional mass transfer along
the x-axis is:

I | -
Em RTDiCi pw + C;v(x) (5-25)

i) =D 2] _=E

where Ji(x) is the flux of species i (mol/(s*cm?) at a distance x from the
JCi(x)

Jx

surface, D; is the diffusion coefficient (cm?), is the concentration

gradient at distance x, 99x) is the potential gradient, z; and C; are the

X
charge, and v(x) is the velocity (cm/s) with which a volume element in
solution moves along the axis. The terms in Equation 5-25 represent the
contributions to diffusion, migration, and convection, respectively, to the
flux.

5.4 Diffusive Mass Transport in Electrodes

As shown in Figure 5-2, the diffusive flow occurs at the GDL and catalyst
layer, where the mass transfer occurs at the microlevel. The electrochem-
ical reaction in the catalyst layer can lead to reactant depletion, which
can affect fuel cell performance through concentration losses. In turn, the
reactant depletion will also cause activation losses. The difference in the
catalyst layer reactant and product concentration from the bulk values
determines the extent of the concentration loss.

Using Fick’s law, the rate of mass transfer by diffusion of the reactants
to the catalyst layer (m) can be calculated as shown in Equation 5-26:

m= —Dd—C (5-26)
dx

where D is the bulk diffusion coefficient, and C is the concentration of
reactants.

The diffusional transport through the gas diffusion layer at steady-
state is:

= Ag DS - G (5-27)
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where C; is the reactant concentration at the GDL/catalyst interface, &
is the gas diffusion layer thickness, and D* is the effective diffusion co-
efficient for the porous GDL, which is dependent upon the bulk diffusion
coefficient D, and the pore structure. Assuming uniform pore size, and that
gas diffusion layer is free from flooding of water, D can be defined as:

D¢ = D¢ (5-28)
where ¢ is the electrode porosity. The total resistance to the transport of
the reactant to the reaction sites can be expressed by combining Equations
5-21 and 5-27:

Co-Ci

1 N o
hm Aelec DEH Aelec

(5-29)

Ih:

1 . . .
where A is the resistance to the convective mass transfer, and
m4{delec

ﬁ is the resistance to the diffusional mass transfer through the gas
elec
diffusion layer.

When a fuel cell is started up, it begins producing electricity at a fixed
current density, i. The reactant and product concentrations in the fuel cell
are constant. When the current begins to be produced, the electrochemical
reaction leads to the depletion of reactants at the catalyst layer. The flux
of reactants and products will match the consumption/depletion rate of
reactants and products at the catalyst layer, and can be described using the
following equation:

j - hFm (5-30)
Aelec

where i is the fuel cell operating current density, F is the Faraday constant,

n is the number of electrons transferred per mol of reactant consumed, and

m is the rate of mass transfer by diffusion of reactants to the catalyst layer.

Substituting Equation 5-29 into Equation 5-30 yields:

(5-31)

The reactant concentration in the GDL/catalyst interface is less than
the reactant concentration in the flow channels, which depends upon i, §,
and D, As the current density increases, the concentration losses become
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greater. These concentration losses can be improved if the GDL thickness
is reduced, or the porosity or effective diffusivity is increased.

The limiting current density of the fuel cell occurs when the current
density becomes so large the reactant concentration falls to zero. The lim-
iting current density (ir) can be calculated if the minimum concentration
at the GDL/catalyst layer interface is C; = 0 as follows:

1C—05 (5-32)
(hm + Deff )

iL = —nF

The limiting current density can be increased by insuring that C, is
high through good flow field design, optimal GDL and catalyst layer poros-
ity and thickness, and ideal operating conditions. The limiting current
density is from 1 to 10 A/cm?”. The fuel cell cannot produce a higher current
density than its limiting current density. However, the fuel cell voltage
may fall to zero due to other types of losses before the limiting current
density does.

The Nernst equation introduced in Chapter 2 shows the relationship
between the thermodynamic voltage of the fuel cell, and the reactant and
product concentrations at the catalyst sites:

a
E=E,-“Zln L (5-33)

nF [ [alcins

In order to calculate the incremental voltage loss due to reactant
depletion in the catalyst layer, the changes in Nernst potential using ci
values instead of cf values are represented as follows:

Vcone = Er/Nemst - ENernst (5-34)
Do = (E - E1nij - (E - E1ni) (5-35]
nF Co nF Ci
Vyame = L S0 (5-36)
nF Ci

where E, ne is the Nernst voltage using C, values, and Enepns. is the Nernst
voltage using C; values. Combining Equations 5-35 and 5-36:

To1-
1y CO

(5-37)

Therefore, the ratio Cy/C; (the concentration at the GDL/catalyst layer
interface) can be written as:
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Co 1t
C ip-i (5-38)
Substituting Equation 5-38 into Equation 5-36 yields:
RT ip
Veone = 1 . - -
nF n[lL—lj 15-39)

which is the expression for concentration losses, and is only valid for i < iy.

The Butler-Volmer equation from Chapter 3 describes how the reac-
tion kinetics affect concentration and fuel cell performance. The reaction
kinetics are dependent upon the reactant and product concentrations at the
reaction sites:

*

(C;i exp(omFv,. [RT)) -

0
R

C

P expl-(l- oJnFu.RT))  (5-40)

i:io
cp

where ¢y and ¢} are arbitrary concentrations, and i, is measured as the
reference reactant and product concentration values c{* and c2*. In the high
current-density region, the second term in the Butler-Volmer equation
drops out, and the expression then becomes:

i= iosT‘i exp (enF v, /[RT)) (5-41)
R

In terms of activation overvoltage using cy instead of c{”:

SPL (5-42)
" anF Ck i
The ratio can be written as:
o .
— =T -4
Cr 1 -1 (5-43)
The total concentration loss can be written as:
RT 1) 1
Ucone = (_)(1 + _) . - . (5-44)
nF o/ip—1

Fuel cell mass transport losses may be expressed by the following
equation:

Vcone = Cln . L . (5'45)
1p—1
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where c is a constant and can have the approximate form:

o= E@ ' i) (5-46)
nF a

In actuality, the fuel cell behavior often has a larger value than what
the equation predicts. Due to this, ¢ is often obtained empirically. The
concentration losses appear at high current densities, and significant con-
centration losses can severely limit fuel cell performance.

5.5 Convective Mass Transport in Flow Field Plates

The flow channels in fuel cell flow field plates are designed to evenly dis-
tribute reactants across a fuel cell to help keep mass transport losses to a
minimum. Flow field designs are discussed in detail in Chapter 10. In the
next section, the control volume method first introduced in Section 5.2 is
used to calculate the mass transfer rates in the flow channels.

5.5.1 Mass Transport in Flow Channels

The mass transport in flow channels can be modeled using a control volume
for reactant flow from the flow channel to the electrode layer as shown in
Figure 5-3.

The rate of convective mass transfer at the electrode surface (m,) can
be expressed as:

l’i’ls = hm(cm - Cs) (5'47)

where C,, is the mean concentration of the reactant in the flow channel
(averaged over the channel cross-section, and decreases along the flow
direction, x), and C;, is the concentration at the electrode surface.

As shown in Figure 5-3, the reactant moves at the molar flow rate,
A.C,v,, at the position x, where A, is the channel cross-sectional area and
Vi is the mean flow velocity in the flow channel. This can be expressed as:

s_X(AchVrm) = _mswelec (5'48)

where w,.. is the width of the electrode surface. If the flow in the channel
is assumed to be steady, and the velocity and the concentration are con-
stant, then:

——Cp=——— (5-49)
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FIGURE 5-3. Control volume for reactant flow from the flow channel to the elec-
trode layer.

When the current density is small (i < 0.5 i), it can be assumed

, : i . .
constant. Using Faraday’s law, m, = o and integrating:
n

Conlx) = Crnyinfx) - @x (5-50)

Vi Wilow

where C,,;, is the mean concentration at the flow channel inlet.

If the current density is large (i > 0.5 iy), the condition at the electrode
surface can be approximated by assuming the concentration at the surface
(C,) is constant. This can be written as follows:
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i(cm ~C)= i(cm ~C) (5-51)
dx

m YV flow

After integrating from the channel inlet to location x in the flow
channel, Equation 5-51 becomes:

Cn-C, -h,x

— ex (5-52)
(Cm - Cs)in Vi Wilow
At the channel outlet, x = H, and Equation 5-52 becomes:
Cmou _Cs —ily
o =exp b H (5-53)
Crn/in - Cs Vi Wilow

where C,, . is the mean concentration at the flow channel outlet.
A simple expression can be derived if the entire flow channel is
assumed to be the control volume, as shown in Figure 5-4:

mg = VmWﬂowWelec(Cin - Cout)

. 5-54
mg = Vmwﬂowwelec(ACin - ACzout) ( )
If C, is constant, substituting for wWg,Weiec:
m, = Ah,,AC},, (5-55)
where
AC,, = M (5-56)

( AC;, )

In| —

ACoue

The local current density corresponding to the rate of mass transfer

is:

i(x) = nFh,(C,, - C,)exp [—h—mx) (5-57)
Vi Wilow

The current density averaged over the electrode surface is:
i = nFh,ACy, (5-58)

The limiting current density when C, approaches 0 is:

i (x) = nFh;yCon in €Xp (_h—mx) (5-59)

VmWilow
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As seen from Equations 5-57 to 5-60, both the current density and
limiting current density decrease exponentially along the channel length.

i, =nFh,, (5-60)
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EXAMPLE 5-3: Determine Current Density Distribution

A fuel cell operating at 25°C and 1 atm uses bipolar plates with flow
fields to distribute the fuel and oxidant to the electrode surface. The
channels have a depth of 1.5 mm, with a distance of 1 mm apart. Air is
fed parallel to the channel walls for distribution to the cathode electrode.
The length of the flow channel is 18 ¢cm, and the air travels at a velocity
of 2 m/s. Determine the distribution of the current density due to the
limitation of the convective mass transfer i;(x) and the average limiting
current density Iy.

The Reynolds number can be calculated as follows:

PViD _ VD _ 2m/s#2%1x107°m

Re = =
u v 15.89 x10°m?/s

=251.73

Since 251.73 is less than 2000, the flow is laminar.

In order to calculate the limiting current density, the convective
mass transfer coefficient and binary diffusivity coefficient need to be
calculated:

3/2 32
D,(T) = Dij(Tmf)*( T ) — Doy nal273) (298) L 0.21x10*m?s
' ' Tref 273
Di' . -4 2
hp = Sh2 = 4.86: X210 ¢ 1650
D, 2+1x10°m

The concentration of O, at the channel inlet, with a mole fraction
of O, is Xy, = 0.21, is:

COZin=X02*(—j=O' % 101,325
' RT 8.314]/molK # 298K

= 8.588mol/m?

The limiting current density based upon the rate of O, transfer:

1L(X) = thmCm/in exp( _th )

VimWilow

«0. 0105— 8. 588“10102

C
i =4%96,487
fxfx] molO

ex 0.0105m/s
Pl 14107 +2m/s

2

) = 3.4802#10* x exp(—5.25%)

The limiting current density will be 3.4802 A/cm? at the channel
inlet (x = 0) and 3.3022 A/cm?” at the channel outlet (x = 18 cm). In order
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to calculate 1, the outlet concentration of oxygen needs to be

calculated:
Cm,out = Cm,in *exp(_h—mxj
Vi Wilow
=8.588m01*e -0.0105m/s*0.18m
m? 1#107%+2m/s
= 3.338mol/m?
Then,
- AC;, — AC
= thm W
In
ACjOllt
c o (8.588—3.338)m01302
=4%96,487 %0.0105— m
molO, s 1 (8.588)
n| ———
3.338
—2251- 2
cm

Using MATLAB to solve:

%% %0 %0 %o %o %o %o Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 5-3: Determining the Current Density Distribution
%% %0 %0 %o Yo %o Yo Yo Yo Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Inputs

T =25;

gap_distance = 0.001;
channel_length = 0.18;
air_velocity = 2;

T=T+ 273.15;
reference_temperature = 273
meu = 15.89e-6;

% Fuel cell operating temperature in degrees C
% Rib distance (m)

% Channel length (m)

% Air velocity (m/s)

% Convert temperature to K

% Reference temperature

D_02_N2_at_reference = 1.84e-5; %Diffusion coefficient

Sh = 4.86;
X_02 =0.21;
D_k = 2/1000;

% Sherwood number
% Mole fraction of oxygen
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R = 8.314; % ldeal gas constant
P =101.325; % Pressure

v.m=2;

n =4

F = 96487; % Faraday’s constant

%% %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate Reynold’s number

RE = air_velocity *v_m*gap_distance/meu

% Convective mass transfer coefficient

D_o02_n2 = D_02_N2_at_reference * (temperature/reference_temperature)*1.5

% Binary diffusivity coefficient

h_m = Sh*D_o02_n2/D_k

% The concentration of oxygen at the channel inlet

C_02_in = 1000 X_02*P/(R*temperature) % 1000*is to convert from molK
to mol
v_m = 10e-3

% The concentration of oxygen at the channel outlet
C_02_out = C_02_in=*exp(-h_m*channel_length/(v_m:*air_velocity))
% Limiting current density

limiting_current_density = n#Fxh_m=(C_02_in — C_0O2_out)/log(C_02_in/C_02_
out)/10000; % /10000 to convert to cm2

5.6 Mass Transport Equations in the Literature

There are many equations used in the literature to determine mass flux
and concentration losses. Knowing which equation to use is not as impor-
tant as determining how to model the system effectively. Knowing how to
solve the concentration gradients and species distributions requires knowl-
edge of multicomponent diffusion, and can be a challenging task.

In order to precisely solve the mass balance equations (especially in
the electrode layers), the mass flux must be determined. The concentration
losses are incorporated into a model as the reversible potential decreases
due to a decrease in the reactant’s partial pressure. There are three basic
approaches for determining the mass flux (N): Fick’s law, the Stefan-
Maxwell equation, and the Dusty Gas Model.
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5.6.1 Fick’s Law

The simplest diffusion model is Fick’s law, which is used to describe dif-
fusion processes involving two gas species. A form of Fick’s law was intro-
duced in Equation 5-26. The standard notation for Fick’s law is the binary
notation, and can be written as:

Ni = —CDi/jVXi (5-61)

A multicomponent version of Fick’s law is shown in Equation 5-62:

N; = —cD;n VX + X ) N; (5-62)

=1

where c is the total molar concentration. If three or more gas species are
present, such as N,, O,, and H,O, a multicomponent diffusion model such
as the Maxwell-Stefan equation must be used, or the binary diffusion co-
efficients must be expanded to tertiary diffusion coefficients.

5.6.2 The Stefan-Maxwell Equation

The Stefan-Maxwell equation is the only diffusion equation that separates
diffusion from convection in a simple way. The flux equation is replaced
by the difference in species velocities. The Stefan-Maxwell model is more
rigorous, is commonly used in multicomponent species systems, and is
employed quite extensively in the literature. The main disadvantage is that
it is difficult to solve mathematically. It may be used to define the gradient
in the mole fraction of components:

N;-yN;

Yi
Vy, = RTZ D (5-63)
ij

where y; is the gas phase mol fraction of species i, and N; is the superficial
gas phase flux of species i averaged over a differential volume element,
which is small with respect to the overall dimensions of the system, but
large with respect to the pore size. D§ is the binary diffusion coefficient,
and can be defined by:

af T Y 1 1)
Dieiff = _(—J (pc,ipc,i)1/3(Tc,iTc,i)5/12(M+_j 81'5 (5'64)

P Y, Tc,iTc,i M;

]
where T, and p,. are the critical temperature and pressure of species i and
j, M is the molecular weight of species, A = 0.0002745 for diatomic gases,
H,, O,, and N,, and a = 0.000364 for water vapor, and B = 1.832 for diatomic
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gases, H,, O,, and N,, and b = 2.334 for water vapor. The Stefa-Maxwell
Equation is discussed in more detail in Chapter 8.

5.6.3 The Dusty Gas Model

The Dusty Gas Model is also commonly used in the literature, and looks
similar to the Stefan-Maxwell equation except that it also takes into account
Knudsen diffusion. Knudsen diffusion occurs when a particle’s mean-
free-path is similar to, or larger than in size, the average pore diameter (and
is discussed in greater detail in Chapter 8):

>

ik j=ljel cD;;

VX, = (5-65)

where D;; is the Knudsen diffusion coefficient for species i. The molecular
diffusivity depends upon the temperature, pressure, and concentration. The
effective diffusivity depends also upon the microstructural parameters such
as porosity, pore size, particle size, and tortuosity. The molecular gas dif-
fusivity must be corrected for the porous media. A large portion of the
corrections are made using the ratio of porosity to tortuosity (E/T), although
in some cases, the Bruggman model is used due to the lack of information
for gas transport in porous media:

Die,fif = (E)Di,i Die,fjf = Sl'sDi,j (5-66)
T

The Dusty Gas diffusion model requires Knudsen diffusivity to be solved,
while Fick’s law and the Stefan-Maxwell equation require more work to
incorporate Knudsen diffusion.

The Knudsen diffusion coefficient for gas species i can be calculated
using Equation 5-67:

_2F [8RT

D;
kT3 TM;

(5-67)

where M is the molecular mass of species i, and r is the average pore
radius.

EXAMPLE 5-4: Calculating the Diffusive Mass Flux

Hydrogen gas is maintained at 2 bars and 1 bar on opposite sides of a
Nafion membrane that is 50 microns (um) thick. The temperature
is 20°C, and the binary diffusion coefficient of hydrogen in Nafion is
8.7 x 10°®* m?/s. The solubility of hydrogen in the membrane is 1.5 x
107 kmol/m?® bar. What is the mass diffusive flux of hydrogen through
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the membrane? What are the molar concentrations of hydrogen in the
gas phase?
First, calculate the surface molar concentrations of hydrogen:

kmol

km leSbars—45x103
m

CA,sl = S*pA= 1.5x10 -3
m?

kmol

kmol 1 ars =1.5x10°
m

CA,sl= S*pA= 1.5x10 -
m?

Calculate the molar diffusive flux:

NA DAB

(CA sl — CA,SZ)

8.7x10°*

kmolInz
0.3x107°

(4.5%107% —1.5%x107) = 8.7 x107

A=

Convert to a mass basis:

iy = N, #M, = 8.7x107K00L o k& 24 106K8
s kmol g

Calculate the molar concentrations of hydrogen in the gas phase:

= Pa _ 3 0.121km01
RT 8.314x102%293.15 m?

C=p_A= 1 _0040kmol
RT 8.314x107?%%293.15 m?

Using MATLAB to solve:

%% %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 5-4: Calculating the Mass Diffusive Flux through
% the Membrane

%% %o %0 %0 %o Yo %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

Pa = 3; % Pressure on the anode side (bar)
e = 1; % Pressure on the cathode side (bar)
D =8.7%10/-8; % Binary diffusion coefficent (m"2/s)
L=0.3%107-3; % Thickness of the membrane (m)
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M =2; % (kg/kmol)

R =8.314%10"-2; % ldeal gas constant (m"3*bar/kmolK)
S =1.5%107-3; % Solubility of hydrogen (kmol/m”3-bar)
T =20 + 275.15; % Temperature (K)

%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% The surface molar concentrations of hydrogen

C_asl = S*Pa;
C_cs2 = SxPc;

% Calculate the molar diffusive flux
N = (D/L)*(C_as1 — C_cs2);

% Convert to mass basis

n=N=M

% Calculate the molar concentrations of hydrogen in the
gas phase

Ca = Pa/(R=T)
Cc = Pc/(R=T)

Chapter Summary

The study of mass transport involves the supply of reactants and products
in a fuel cell. Inadequate mass transport can result in poor fuel cell perfor-
mance. In order to calculate the mass flows through the fuel cell, mass
balances can be written to calculate the ideal flow rates and mole fractions
of any unknown species. There are two main mass transport effects encoun-
tered in fuel cells: convection in the flow structures, and diffusion in the
electrodes. Convective flow occurs in the flow channels due to hydro-
dynamic transport, and the relatively large-size channels (~1 mm to 1 cm).
Diffusive transport occurs in the electrodes because of the tiny pore sizes.
Mass transport losses in the fuel cell result in the depletion of reactants at
the electrode, which affects the Nernstian cell voltage and the reaction rate.
Commonly used mass transport equations in the literature include Fick’s
law, the Stefan-Maxwell equation and the Dusty Gas Model. This chapter
provided the necessary background to create mass balances on any fuel-cell
component with convective or diffusive transport.

Problems

e A fuel cell is operating at 50°C and 1 atm. Humidified air is supplied
with the mole fraction of water vapor equal to 0.2 in the cathode. If the
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channels are rectangular with a diameter of 1.2 mm, find the maximum
velocity of air.

e For the fuel cell in the above problem, calculate the maximum velocity
of air if the channels are circular.

e A fuel cell is operating at 50°C and 1 atm. The cathode is using pure
oxygen, and there is no water vapor present. The diffusion layer is
400 microns with a porosity of 30%. Calculate the limiting current
density.

e Calculate the limiting current density for a fuel cell operating at 80°C
and 1 atm. The cathode is of the same construction as in the third
problem.

e Under the conditions from the third problem, estimate the fuel cell area
that can be operated at 0.7 A/cm? Assume a stoichiometric number of
2.5, and that the fuel cell is made of a single straight channel with a
width of 1 mm and the rib width is 0.5 mm.
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CHAPTER 6

Heat Transter

6.1 Introduction

Temperature in a fuel cell is not always uniform, even when there is a
constant mass flow rate in the channels. Uneven fuel cell stack tempera-
tures are due to a result of water phase change, coolant temperature, air
convection, the trapping of water, and heat produced by the catalyst layer.
In order to precisely predict temperature-dependent parameters and rates
of reaction and species transport, the heat distribution throughout the stack
needs to be determined accurately. The calculations presented in this
chapter give the heat transfer basics for fuel cells. The specific topics to be
covered are as follows:

e Basics of heat transfer
e Fuel cell energy balances
e Fuel cell heat management

The first step in determining the heat distribution in a fuel cell stack is to
perform energy balances on the system. The total energy balance around
the fuel cell is based upon the power produced, the fuel cell reactions, and
the heat loss that occurs in a fuel cell. Convective heat transfer occurs
between the solid surface and the gas streams, and conductive heat transfer
occurs in the solid and/or porous structures. The reactants, products, and
electricity generated are the basic components to consider in modeling
basic heat transfer in a fuel cell, as shown in Figure 6-1.

The general energy balance states that the enthalpy of the reactants
entering the cell equals the enthalpy of the products leaving the cell plus
the sum of the heat generated by the power output, and the rate of heat
loss to the surroundings. The basic heat transfer calculations will aid in
predicting the temperatures and heat in overall fuel cell stack and stack
components.
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FIGURE 6-1. Stack illustration for heat flow study'.

6.2 Basics of Heat Transfer

Conduction can be defined as the transfer of energy from more energetic
particles to less energetic particles due to the interaction between the par-
ticles. A temperature gradient within a homogeneous substance results
in an energy transfer through the medium, which results in a transfer of
energy from more energetic to less energetic molecules. This heat transfer
process can be quantified in terms of rate equations. The rate of heat trans-
fer in the x-direction through a finite cross-sectional area, A, is known as
Fourier’s law, and can be expressed as:

qx= —kAj—;l; (6-1)

where k is the thermal conductivity, W/(m k). When the heat transfer is
linear under steady-state conditions, the temperature gradient may be
expressed as follows:
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TABLE 6-1
Thermal Conductivity of Some Fuel Cell Materials
Material Thermal Conductivity

(W/mK) @ 300 K
Aluminum 237
Nickel 90.5
Platinum 71.5
Titanium 22
Stainless steel 316 13
Graphite 98
Carbon cloth 1.7
Teflon 0.4

T, -T
G=k—== - 2 (6-2)

The thermal conductivity is a transport property that provides an
indication of the rate at which energy is transferred by the diffusion process.
This property is dependent upon the atomic and molecular structure of the
substance. The thermal conductivity of some fuel cell materials is shown
in Table 6-1.

For one-dimensional, steady-state heat conduction with no heat gen-
eration, the heat flux is constant, and independent of x. This can be expressed
as:

d’T
—=0 6-3
o (6-3)

When analyzing one-dimensional heat transfer with no internal
energy generation and constant properties, there is an analogy between the
diffusion of heat and electrical charge. A thermal resistance can be associ-
ated with the conduction of heat, and can be expressed in a plane wall
as:

T-T, L
R ona = =— 6-4
T kA (6-4)

When heat is conducted through two adjacent materials with
different thermal conductivities, the third boundary condition comes from
a requirement that the temperature at the interface is the same for both
materials’:

q = h AAT (6-5)
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where h, is the convective heat transfer coefficient, BTU/hft’F or W/m’K,
A is the area normal to the direction of the heat flux, ft> or m?, and AT
is the temperature difference between the solid surface and the fluid F
or K.

A thermal resistance may also be associated with the heat transfer by
convection at a surface. This can be expressed as:

T,-T, 1
Rconv = =71 A 6-6
o bA (6-6)

Since the conduction and convection resistances are in series, they
can be summed as follows:

1, L 1
hA kA hA

Rtot = (6'7)

The fuel cell layers can be thought of as a “composite wall” with
series thermal resistances due to layers of different materials. With a “com-
posite” system, it is convenient to work with an overall heat transfer
coefficient, U, which can be written as:

q=UAAT (6-8)

Like charge transport (Chapter 4), in composite systems, the tem-
perature drop between materials can be significant, and is called thermal
contact resistance. This is defined as:

Y 69)
dx

The thermal resistance (Ry,) can also be expressed as:

1
Ro=1— (6-10]
+ [
Rc RR
where R, is the convective thermal resistance:
1
R.= 6-11
hA. (6-11)

where h is h= %NuL. Figure 6-2 illustrates the temperature drop due to

thermal contact resistance.
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FIGURE 6-2. Temperature drop due to thermal contact resistance.

The heat lost by the stack through radiation to the surroundings is
the radioactive thermal resistance (Ry) defined as:

1
~ oFA(T, + T, (T2 + T3)

(6-12)

Ry

where o is the Stefan-Boltzmann constant [5.67 x 10® W/(m*K*)], F is the
shape factor, and A, is the stack exposed surface area, m?.

Sometimes using the assumption that the temperature gradient is
only significant for one direction is an oversimplification of the problem.
For two-dimensional, steady-state conditions with no heat generation (see
Figure 6-3), and constant thermal conductivity, the heat flux can be
expressed as:

&T  &T
& dy?

0 (6-13)

Internal fuel cell heat generation can be described by the Poisson
equation:

dZT int
dx? +q?:0 (6-14]

where qy, is the rate of heat generation per unit volume.
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FIGURE 6-3. Two-dimensional conduction.

6.3 Fuel Cell Energy Balances

6.3.1 General Energy Balance Procedure

In order to accurately model a fuel cell system, the energy that flows into
and out of each process unit in the fuel cell subsystem, and in the fuel cell
itself, needs to be accounted for in order to determine the overall energy
requirement(s) for the process. A typical energy balance calculation deter-
mines the cell exit temperature knowing the reactant composition, the
temperatures, H, and O, utilization, the expected power produced, and the
percent of heat loss. The procedure for formulating an energy balance is as
follows:

1. A flowchart must be drawn and labeled. Enough information should
be included on the flowchart to determine the specific enthalpy of
each stream component. This includes known temperatures, pres-
sures, mole fractions, mass flow rates, and phases.

2. Mass balance equations may need to be written in order to deter-
mine the flow rates of all stream components.

3. The specific enthalpies need to be determined for each stream
component. These can be obtained from thermodynamic tables, or
can be calculated if these data are not available.

4. The final step is to write the appropriate form of the energy balance
equation, and solve for the desired quantity.

An example flowchart is shown in Figure 6-4. The fuel enters the cell
at temperature, T, and pressure, P. Oxygen enters the fuel cell at a certain
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Work, W
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Ox(g) at T, P, x02, mo2
Heat, Q

FIGURE 6-4. Detailed flowchart to obtain energy balance equation®.

T, P, X0, (mole fraction), and mg, (mass flow rate). The hydrogen and oxygen
react completely in the cell to produce water, which exits at a certain T,
P, x (mole fraction), and m (mass flow rate). This reaction can be described
by:

H2+%OZ—> H,O

Q is the heat leaving the fuel cell, and W is the work available through
chemical availability. Only the energy balance equation for this example
has been written (the mass balance equations have not). The specific enthal-
pies can be obtained through thermodynamic tables or calculations. The
generic energy balance for the fuel cell in this example is:

\%
,Q
mpy, my,

=hH2+%h02_hH20 (6‘15)

6.3.2 Energy Balance of Fuel Cell Stack

The energy balance on the fuel cell is the sum of the energy inputs equals
the sum of the energy outputs. The generic heat balance on any fuel cell
stack can be written as follows*:

ZQin_ZQout:Wel+Qdis+Qc (6'16)

where Q;, is the enthalpy (heat) of the reactant gases in, Q.. is the enthalpy
(heat) of the unused reactant gases and heat produced by the product, W,
is the electricity generated, Qg is the heat dissipated to the surroundings,



134 PEM Fuel Cell Modeling and Simulation Using MATLAB®

and Q. is the heat taken away from the stack by active cooling. Heat is
carried away by reactant gases, product water, and that lost to the surround-
ings; the remaining heat needs to be taken from the stack through cooling.
The heat generation in the fuel cell is associated with voltage losses. Most
of the heat is created in the catalyst layers, in the membrane due to ohmic
losses, and then in the electrically conductive solid parts of the fuel cell
due to ohmic losses’.

A good estimate for the fuel cell stack energy balance can be obtained
by equating the energy of the fuel reacted to the heat and electricity
generated:

I
oF Hinvneen = Qgen + I'Veanneen (6-17)

When all of the product water leaves the stack as liquid at room tem-
perature, the heat generated in a fuel cell stack is

Qgen = (1482 - Vcell)Incell (6-18)

where Q,, is the heat generated from the stack in watts, n. is the number
of cells, and V. is the cell voltage. If all of the product water leaves the
stack as vapor, the following equation can be used instead:

Qgen = (1254 - Vcell)Incell (6-19)

Equations 6-17 through 6-19 are approximations, and do not take into
account the heat or enthalpy brought to, or removed from, the stack.

6.3.3 General Energy Balance for Fuel Cell

Another way of uniting the fuel cell energy balance is the sum of all the
energy inputs and the sum of all of the energy outputs:

D (hi)in= W+ (hi)ow + Q (6-20)

The inputs are the enthalpies of the fuel, the oxidant, and the water
vapor present. The outputs are the electric power produced, enthalpies of
the flows out of the fuel cell, and the heat leaving the fuel cell through
coolant, convection, or radiation.

The enthalpy (J/s) for each dry gas or mixture of dry gases is

h = ti1c, T (6-21]

where m is the mass flow rate of the gas or mixture (g/s), Cp is the specific
heat (J/[g*K]), and T is the temperature in °C.
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If the gas has a high heating value (combustible), its enthalpy is
then:

h = m(c, T + hiuy) (6-22)
where hljy is the higher heating value of that gas (J/g) at 0°C. The heating
values are usually reported at 25 °C, therefore, the higher heating value may
need to be calculated at the chosen temperature. The enthalpy of water
vapor is

h = I’i’leo(g]Cp/Hzo(g)T + h?g (6-23)

The enthalpy of liquid water is
h= mHZO(l)Cp/HZO(I)T (6‘24)
The inputs and outputs of the energy balance can quickly become

complicated when the heat balance is performed for each individual fuel
cell layer and/or stack heating and cooling is involved.

EXAMPLE 6-1: Energy Balances

A PEM hydrogen/air fuel cell generates 1 kW at 0.8 V. Air is supplied to
the fuel cell stack at 20°C. The air outlet temperature is 70°C. The mass
flow rate for hydrogen going into the cell is 0.02 g/s and air going into
the cell is 1.5 g/s. The mass flow rate of the water in air going into the
fuel cell is 0.01 g/s. The mass flow rate of N, and O, coming out of
the fuel cell is 0.5 and 1.5 g/s, respectively. What is the mass flow rate
of the air entering the cell? What is the mass flow rate of the water in
air leaving the cell? Assume that the heat generated by the fuel cell is
negligible. The HHV of hydrogen is 141,600 J/g, and h{, = 2500.

The energy balance is
Huin + Hairin + Hio_airin = Hairour + Hio_airous + Wel

The energy flows are:
Hydrogen in:

_ 0
Hupin = M in (Cp,HZTin + himv)

oo = 2. — l Mo, _ Mo
Huv = Dy —| Cpma + Cp,02
2 My, M,

Cp, H20(1) ) -25
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hiy=141,900 - (14.2 + l*woglg _18.0152
2 2.0158 2.0158

Hip i = 0.02(14.2 x 20 + 142,298) = 2929W

4.18)-25 =142,298]/gK

Air in:
Hairin = MAir,inCpair Lin = Mairin X 1.01 x 20

Water vapor in air in:

Huo_airin = MEo_airin X (Cp,Honin + h?g)

Hino airin = 0.01 x (1.85 x 20 + 2500) = 30.42

Air out:

Hairout = M02,00tCp,02 Tour + Mn2,0utCpN2 Tout

Hairoue = (0.5%0.913%75) + (1.5%1.04%75) = 691.96
The amount of water generated is:
I=P/V =1000W/0.7V = 1250

I 1428.6

ﬁ H20 = m*lSOls = 01167g/s

mHZO,gen =

The water mass balance can be written as:
Mpyr0_airin T MH20,gen = MH20_Air,out
Mo aireue = 0.01g/s +0.133g/s = 0.1267g/s
Water vapor in air out:
Huo_airout = M0 airout X (Cp,HZOTout + h(f)g)
Hino airour = 0.143 x (1.85 x 75 + 2500) = 397.17
Energy balance is
Hipin + Hairin + Hioo_airin = Hairour + Hio_airour + Wel

2124.5 + Hpypin + 25.37 = 151.24 + 377.34 + 1000

HAir,in = _8 7050W




Substituting this back into the enthalpy calculation for Haj !

Hairin = MAirinCp air Lin = Mairin X 1.01 X 20

Using MATLAB to solve:

%% %o % %0 %o %o %0 %0 %o %o %o %o %o %o %o Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo Yo Yo %o Yo

% EXAMPLE 6-1: Energy Balances
%% %0 %0 %0 %o %o %o %o %o Yo %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Inputs

V =0.8;

P =1000;

T =20 + 273.15;

T _out =70 + 273.15;
m_H2_in = 0.02;
m_H20_in = 0.01;
m_0O2_out = 0.5;
m_N2_out = 1.5;
HHV_25 = 141900;
cp_H2 = 14.2;
cp_02 = 0.913;
cp_N2 = 1.04;
cp_AIR = 1.01;
cp_H20_1 = 4.18;
cp_H20 = 1.85;

F = 96485;

M_0O2 = 31.9988;
M_H2 = 2.0158;
M_H20 = 18.0152;
H_fg = 2500;

% %6%0 %0 %o %o %o Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate the higher heating value of hydrogen
h_HHV_0 = HHV_25 — (cp_H2 + 0.5%cp_02+M_02 / M_H2 — M_H20* cp_H20_1

/ M_H2 )#25

% Energy flow for hydrogen in
h_H2_in = m_H2_in*(cp_H2*T + h_HHV_0)
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Maiyin = 2.94g/s

% Cell voltage (V)

% Power (Watt)

% Air Temperature (K)

% Temperature out (K)

% Hydrogen flow rate (g/s)
% Water flow rate (g/s)

% Oxygen flow rate (g/s)
% Nitrogen flow rate (g/s)
% HHV of hydrogen

% Specific heat of H2

% Specific heat of 02

% Specific heat of N2

% Specific heat of air

% Specific heat of liquid water
% Specific heat of water

% Faraday’s constant

% Molecular weight of 02
% Molecular weight of H2
% Molecular weight of H20
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% Energy flow for water in air in

h_H20O_in = m_H20_in*(cp_H20* T + H_fq)

% Energy flow for air out

h_AIR_out = (m_O2_out*cp_02 + m_N2_out+cp_N2)*T_out
%The amount of water generated

| =P /V; % Current density
m_H20_gen =1/ (2xF)*M_H20

% Water vapor in air out

m_H20_out = m_H20_gen + m_H20_in % Mass balance
%Water vapor in air out

h_H20_out = m_H20_out* (cp_H20 = T_out + H_fg)

% From the energy balance, energy flow for air in
h_AIR_in = h_AIR_out + h_H20_out + P — h_H2_in — h_H20_in
% Mass flow rate for air in

m_AIR_in = abs(h_AIR_in / (cp_AIR*T))

6.3.4 The Nodal Network

To help obtain more accurate heat transfer solutions, numerical techniques
such as finite-difference, finite-element, or boundary-element methods can
be used, and readily extended to up to three-dimensional problems. The
nodal network solution allows the determination of the temperature at
discrete points. This is accomplished by subdividing the medium of inter-
est into a smaller number of regions, and assigning a reference point at its
center. The reference point is termed a nodal point, and a nodal network
is a grid or mesh. An energy balance is typically solved for the node. Figure
6-5 shows an example of the x and y locations for a two-dimensional
system. The next section, 6.3.5, illustrates an example of transient conduc-
tion in a plate using a one-dimensional nodal network.

6.3.5 Transient Conduction in a Plate®

The process of obtaining a numerical solution to a one-dimensional, tran-
sient conduction problem will be illustrated in the context of a layer in a
fuel cell stack, as shown in Figure 6-6.
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FIGURE 6-5. Two-dimensional conduction with nodal network.
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FIGURE 6-6. Nodes distributed uniformly throughout computational domain.
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For the uniform distribution of nodes that is shown in Figure 6-6, the
location of each node (x;) is:

li- )L fori=1...N (6-25)
(N-1)

i=
where N is the number of nodes used for the simulation. The distance
between adjacent nodes (Ax) is:

Ax=—1 (6-26)
N-1

Energy balances have been defined around each node (control volume).
The control volume for the first, last, and an arbitrary, internal node is
shown in Figure 6-6. Each control volume has conductive heat transfer with
each adjacent node in addition to energy storage:

) ) dU
=— 6-27
qrus T drus It ( )

Each term in Equation 6-27 must be approximated. The conduction
terms from the adjacent nodes are modeled as:

Yo = —— L “1) 6-28

Jius AX ( )

. kA(T.,, -T;

Jrus = kAT, - T) (6-29)
AX

where A is the area of the plate. The rate of energy storage is the product
of the time rate of change of the nodal temperature and the thermal mass
of the control volume:

du dT;
— =AA - 6-30
dt P4t | )
Substituting Equations 6-27 through 6-30 leads to:
AAXPCEZ I(A(Tifl_Ti) + kA(Tifl_Ti) (6_31)
dt Ax AX
Solving for the time rate of the temperature change:
T _ kK ;4T -2T) for i=2.. (N-1] (6-32)

dt  Ax’pc
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The control volumes on the edges must be treated separately because
they have a smaller volume and experience different energy transfers. The
control volume for the node located at the outer surfaces (node N) has the
following the energy balance:

dUu . .
5 = *+ Qconv 6-33
dt Quus 4 ( )

or

AAxpc dTy _ kA(Ty.; — Ty) +hA(T, - Ty (6-34)
2 dt Ax o

Solving for the time rate of temperature change for node N:

dT, 2] 2h
d_N = —<2(TN—1 -Tn)+
t  pcAx Axpc

(T;—Tx) (6-35)

Note that the equations provide the time rate of change for the tem-
perature of every node given the temperatures of the nodes. The energy
balance for each control volume provides an equation for the time rate of
change of the temperature in terms of the temperature. Therefore, the
energy balance written for each control volume has a set of equations for
the time rate of change.

The temperature of each node is a function both of position (x) and
time (t). The index that specifies the node’s position is i where i = 1 cor-
responds to the adiabatic plate and i = N corresponds to the surface of the
plate. A second index, j, is added to each nodal temperature in order to
indicate the time (T;;); j = 1 corresponds to the beginning of the simulation
and j = M corresponds to the end of the simulation. The total simulation
time is divided into M time steps; most of equal duration, At:

Ae= Nrfi:“” (6-36)

The time associated with any time step is:
ti=(j—1)At for j=1...M (6-37)

The initial conditions for this problem are that all of the temperatures
at t = 0 are equal to Ty,.

Ti,l = Tin fOI‘ 1 = ]. “e . N (6'38)

Note that the variable T is a two-dimensional array (i.e., a matrix).
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EXAMPLE 6-2: Transient Conduction through Plate

Plot the one dimensional heat transfer through a fuel cell end plate with
a thickness of 0.01 and an initial temperature of 343.15 K. The plate is
insulated on its left side, and is exposed to air at 298 K on the right side.
The plate has the following material properties: (a) a polymer end plate
with a conductivity of 0.2 W/mK, a density of 1740, and specific heat
capacity of 1464 J/KgK, and (b) an aluminum end plate with a conductiv-
ity of 220 W/mK, a density of 2700 kg/m?, and specific heat capacity of
900 J/KgK. Air has a heat transfer coefficient of 17 W/m?K. Set up a grid
with 10 nodes (slices) in the x-direction, and plot the temperature at each
node after 10 seconds and 2 minutes.

Using MATLAB to solve:
%%6%0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% EXAMPLE 6-2: Transient Conduction through Plate
%%6%6 %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo

% Inputs

L =0.01; % Plate thickness (m)

k =0.2; % Conductivity (W/m-K)

rho = 2000; % Density (kg/mA3)

cp = 200; % Specific heat capacity (J/kg-K)
T_in = 348.15; % Initial temperature (K)

T_f = 298; % Gas temperature (K)

h =17, % Heat transfer coefficient (W/mA2-K)

Y% %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Setup Grid

N = 10; % Number of nodes (-)

fori=1:N

x(i)=(i-1) * L/(N-1); % Position of each node (m)

end

DELTAx = L/(N-1); % Distance between adjacent nodes (m)
tau_sim = 10; % Simulation time (s)

OPTIONS = odeset(‘RelTol’,1e-6);
[time,T] = ode45(@ (time,T) dTdt_functionv(time, T,L,k,rho,cp,T_f,h),[0,tau_sim], . . .
T_in*ones(N,1),OPTIONS);

% Plot figure of transient heat conduction through fuel
cell plates

surf(T);

xlabel(‘Number of Nodes’);

zlabel(‘Temperature (K)’);
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%% % %0 %0 %o %o %o %o Yo %o %o %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %o %0 %0 %o Yo Ve Yo %o Yo

function[dTdt]=dTdt_functionv(time,T,L,k,rho,c,T_f,h)

[N,gl=size(T); % Determine the size of T

DELTAx=L/(N-1); % Calculate the distance between adjacent nodes
dTdt=zeros(N,1); % Create dTdt vector

dTdt(1)=2 k= (T(2)-T(1))/(rho*c* DELTAx"2);

for i=2:(N-1)

dTdt(i)=k* (T(i-1)+T(i+1)-2 * T(i))/(rho * c * DELTAX"2);

end

dTdt(N)=2 k= (T(N-1)-T(N))/(rho *c * DELTAXx"2)+2: h (T_f-T(N))/(rho* c * DELTAX);
end

Figures 6-7 and 6-8 both shows graphs of the temperature at each node
after 10 seconds and 2 minutes for the polymer and aluminum end plate,
respectively. In Figure 6-2, one can see that only a little heat has transferred
to the plate after 10 seconds for the polymer, but the temperature distribu-
tion through the aluminum end plate is exactly the same at 10 and 120
seconds. These figures show that the heat rapidly diffuses through the
aluminum end plate in comparison with the polymer end plate.

6.3.6 Energy Balance for Fuel Cell Layers

Energy balances can be defined around each of the fuel cell layers to enable
the study of the diffusion of heat through a particular layer as a function
of time or position. Figure 6-9 shows an example of a fuel cell layer as a
control volume. This section describes the mode of heat diffusion in each
layer, and calculates the energy balances for the end plate, gasket, contact,
flow field, GDL, catalyst, and membrane layers’.

End Plates, Contacts, and Gasket Materials

The end plate is typically made of a metal or polymer material, and is used
to uniformly transmit the compressive forces to the fuel cell stack. The
end plate must be mechanically sturdy enough to support the fuel cell
stack, and be able to uniformly distribute the compression forces to all of
the major surfaces of each layer within the fuel cell stack. Depending upon
the stack design, there also may be contact and gasket layers in the fuel
cell stack. The gasket layers help to prevent gas leaks and improve stack
compression. The contact layers or current collectors are used to collect
electrons from the bipolar plate and gas diffusion layer (GDL).

Since there is typically no gas or liquid flows in the end plates, gaskets,
or contact layers, conduction is the only mode of heat transfer. One side
of each of these layers is exposed to an insulating material (or the ambient
environment), and the other side is exposed to a conductive current
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FIGURE 6-7. Transient heat conduction through polymer fuel cell plate at a) 10

and b) 120 sec.
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collector plate or insulating material. An illustration of the energy balance
is shown in Figure 6-9.

The general energy balance for the end plate, contact, and GDL layers
can be written as:

dTayer
(pLayerZALayethLayerZCpLayerZ) da:fer = QLayerl + QLayer3 (6"39)

where pruyen is the density of Layer2, A, is the area of Layer2, cprayen is
the specific heat capacity of Layer2, Q.. is the heat flow from Layerl,
and Qpuyes is the heat flow from Layer3. The derivative on the left side is
the rate of change of control volume temperature (dTy.yen/dt). The heat flow
from Layerl to Layer2 is:

QLayerl = ULayerlA(TLayerl - TLayerZ) (6'40)

where Uy, is the overall heat transfer coefficient for Layerl, A is the area
of the layer, and T is the temperature of the layer. The heat flow from
Layer3 to Layer2 can be expressed as:

QLayerS = ULayerSA(TLayers - TLayerZ) (6-41)

If the heat is coming from the surroundings, the overall heat transfer
coefficient can be calculated by:

1
tLayer2 + 1
* kLayerZ hsurr

Usurr = (6'42)

where ti,en is the thickness of Layer2, ki, is the thermal conductivity
of Layer2, and hy,, is the convective loss from the stack to the air. The
overall heat transfer coefficient for the heat coming from Layerl is:

1
ULayerl = (6'43)

tLa er2 tLa erl
'y + 'y

* k Layer2 * k Layerl

The overall heat transfer coefficient for the heat coming from Layer3
is:

ULayer3 = (6_44)

tLa er3 tLa er2
y + 'y

* kLayerS * kLayerZ



Heat Transfer 147

If the layer conducts electricity (such as the contact layer), then there
is an additional heat generation in Layer2 (Qyes rayern) due to electrical resis-
tance, which can be calculated as:

Qres_LayerZ = (IA)Z %m (6-45)

where i is the current density, A is the area of the layer, pres rayer i the
specific resistance of the material, and ty,y., is the thickness of the layer.
Typically, there is no heat generated in the end plate, contact, or gasket
layers. However, in some fuel cell stack designs, the end plate may be
heated, therefore, an additional heat generation term would need to be
added to the model formulation.

Bipolar Plate

In the fuel cell stack, the bipolar plates separate the reactant gases of adja-
cent cells, connect the cells electrically, and act as a support structure. The
bipolar plates have reactant flow channels on both sides, forming the anode
and cathode compartments of the unit cells on the opposing sides of the
bipolar plate. Flow channel geometry affects the reactant flow velocities,
mass transfer, and fuel cell performance. Bipolar plate materials must have
high conductivity and be impermeable to gases. The material should also
be corrosion-resistant and chemically inert due to the presence of reactant
gases and catalysts. An illustration of the energy balance is shown in
Figure 6-10.

) |
: TLayer2 : ﬁ
) I Hhz out Hydrogen and water
) :_IZIEE Huooy out  90ing out of the fuel cell
'ﬁ> ) ! H B stack
) 1 H20I_out
Heat flows fromthe  Qqayer1 b
. —P — Q
anode plate to the solid —@— e Heat flows from the GDL
BPP h |
, and gas channel  Q_ayer1r —L' +7 QLayer3R 1 the solid BPP, and gas
.ﬁ> | i channel
Hydrogen and water HHHZJ” | | Hhzov_Lay2 lﬁ>
going into bipolar plate H20v_in ) Hiz Lay2 Hydrogen and water
HizoLin ) 0 Hhzoi Lay2  going to GDL Layer
] Qres_LayerZ ]
: - : Solid Material
e -
System Border

FIGURE 6-10. Flow field plate energy balance.
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The bipolar plate has both conductive and convective heat transfer
due to the gas channels in the plate. The percentage of the bipolar plate
that has channels affects the heat transfer of the overall plate, therefore,
this is accounted for by calculating the effective cross-sectional area for
conduction heat transfer, Az, which represent the area of the solid material
in contact with Layerl and Layer3d. The governing equation for heat trans-
fer in an anode bipolar plate can be written as:

dTLayerZ
dt
QLayerS + QLayerSR + Qres_LayerZHHZ_in + HHZOV_in + HHZOLin - HHZ_LayS -

(Cpavg(ngases + nliq) + pLayeIZ(ALayethLayerl )CpLayerl) = QLayerl + QLayerlR +

HHZOV_Lay3 - HHZOLLayS - HHZ_out - HHZOv_out - HHZOLout

(6-46)

where pr.yen is the density of Layer2, A is the area of Layer2, cprayen is the
specific heat capacity of Layer2, Qpayen is the heat flow from Layerl to the
channels, Qpayenr is the heat flow from Layerl to the solid material, Qpayers
is the heat flow from Layer3 to the channels, Qpayesr is the heat flow from
Layer3 to the solid material, Q,es rayern is the heat generation in the layer
due to electrical resistance, and H, is the enthalpy of component A coming
into or out of the Layer2. The derivative on the left side is the rate of change
of control volume temperature (dTp.y.»/dt). The heat flows coming from
the right and left layer will transfer a different amount of heat from the
layer to the solid and gas flow in the channels.
The heat flow from Layerl to the channels is:

QLayerl = ULayerlAvoid (TLayerl - TLayerZ) (6'47)

where A,.q is the area of the channels. The heat flow from Layerl to the
solid material is:

QLayerlR = ULayerlRAlR (TLayerl - TLayerZ) (6'48)

where Ay is the area of the solid. The heat flow from Layer3 (GDL) to the
channels is:

QLayer3 = ULayerSAvoid (TLayers - TLayerZ) (6‘49 )

The heat flow from Layer3 (GDL) to the solid material is:
QLayerSR = ULayerSRAlR(TLaYer3 - TLayerZ) (6‘50)
where A,.q is the area of the channels in the plate, and Ay is the area of

the solid material. The heat generation in Layer2 (Qyes rayern) due to electrical
resistance is:
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(1A)2 prestayethLayerZ (6-5 1)
AIR

Q res_Layer2 =

where i is the current density, A is the area of the layer, pre rayen is the
specific resistance of the material, and ty,yen is the thickness of the layer.

The enthalpy of each gas or liquid flow into or out of the layer can be
defined as:

Hy = n1ahaTragen (6-52)

where H, is the enthalpy of the stream entering or leaving the layer, n, is
the molar flow rate of A, and h, is the enthalpy of A at the temperature of
the layer (Traye-

The overall heat transfer coefficient terms can be calculated as:

1
ULayeIlR = (6-53)

t:La erl tLa er2
Yy + 'y

* kLayerl * kLayerZ

ULaYerl = ! (6-54)
tayen | 1
* kLayerl hl
1
ULaYerSR = t t (6-55)
Layer3 + Layer2
* kLayer3 * kLayerZ
1
ULayerS = (6-56)
tLayerS + ]-

* kLayerS hl

The calculation of the thermal mass of the gas/liquid mixture is as
follows®:

thermal _mass = cp.y, (Ngases + MNiig) (6-57)

where cp,,, is the average specific heat of the gases (hydrogen and water) at
the temperature of Layer2. The molar flow rate of the gases at the tem-
perature of the Layer2 can be calculated by:

PVgases

(6-58)
RTLaych

ngascs =

where Vs = €V, is the volume of the gases in the channel, € is the void
fraction, and V.4 is the volume of the channel space, and is defined by:
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Vieid = AvoidtLayerZ (6-59)

The molar flow rate of the liquid in the channels in Layer2 is given by:

o= 6-60
9T MWiaso 16-60
where the volume of gases can be calculated by:

Vliq = Vvoid - Vgases (6'61)

Anode/Cathode Diffusion Media

The gas diffusion layer (GDL) is located between the flow field plate and
the catalyst layer. This layer allows the gases and liquids to diffuse through
it in order to reach the catalyst layer. The GDL has a much lower thermal
conductivity than the bipolar plates and other metal components in the
fuel cell, therefore, it partially insulates the heat-generating catalyst layers.
When modeling the heat transfer through this layer, the solid portion has
conductive heat transfer, and the gas/liquid flow has advective heat trans-
fer. An illustration of the energy balance is shown in Figure 6-11.

Heat is generated in the GDL due to ohmic heating. Since the GDL
has high ionic conductivity, ohmic losses are negligible compared with the
catalyst and membrane layers. The overall energy balance equation for the
anode GDL layer can be written as:
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1 [
1 [

ﬁ Q l TLayerS ' é
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=5 Hwoca — ( =
I H Hh201_Lay3
Hydrogen tanﬁ Wate3r | : Hydrogen and water
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(GDL) B 1 Qres Layers " Hu21a3  (catalyst layer)
1 [
Hio taye — 3 ! ;
| 1 4—17 Porous Material
| [
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FIGURE 6-11. GDL energy balance.
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dTLayer3
dt

QLayerZR + Qres_Layers + HHZ_LayZ + HHZOV_LayZ + HHZOLLayZ - HHZ_Lay3 -

(Cpavg(ngases + nliq) + pLayerS(ALayeIStLayeIS )CpLayeIS) = QLayer4 + QLayer2 +

HHZOV?Lays - HHZOI_Lay3

(6-62)

Anode/Cathode Catalyst Layer
The anode and cathode catalyst layer is a porous layer made of platinum
and carbon. It is located on either side of the membrane layer. When mod-
eling the heat transfer through this layer, the solid portion has conductive
heat transfer, and the gas/liquid flow has advective heat transfer. Figure
6-12 shows the energy balance of the catalyst layer.

The overall energy balance equation can be written as:

dTafcat
dt
Qresa_cat + Huo_3 + Hiov s + Hinor 3 — Huo_s — Husov s« —Hior 4

(Cpavg(ngases + nliq) + (pafcatAafcattafcat )Cpafcat) = Qa_gdl + Qmem + Qaﬁcatﬁint +

(6-63)

The heat generation in the catalyst layer is due to the electrochemical
reaction and voltage overpotential. The heat generation term in the catalyst
layer can be written as:

i TrayerdAS
1 Layerd2O

Qinthayerét = (6_64)
Layer4 nF
r====-=i
| I
| I
Q | TLayer4 |
Layer3 —T 17 QLayerS
| I
| I
H ! !
H20v_Lay3 ————p| H——» Hizov Lays
Iﬁ ] Qint_Layer4 | @
Hydrogen and water H Hydrogen and water
going into Layer 3 H20l_Lay3 4+ ‘|—> Hizo1 Laya  going to Layer 5
(GDL) | | (membrane layer)
Qres_Layer4 '
HH2_Lay3 —l‘ |—> HH+7|_ay4

! - J P Material

l —li orous Materia
] |
| |

System Border

FIGURE 6-12. Catalyst energy balance.
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where Ty, is the local catalyst temperature, i is the current density, tiageq
is the layer thickness, n is the number of electrons, F is Faraday’s constant,
AS is the change in entropy, and 7 is the activation over-potential. The
entropy change at standard-state with platinum catalyst is taken as AS =
0.104 Jmol™! K™ for the anode, and AS = -326.36 Jmol™ K™! for the cathode.
The activation over-potential (v,.) was calculated based on typical Tafel
kinetics for a Pt-electrode.

Membrane
The PEM fuel cell membrane layer is a persulfonic acid layer that conducts
protons, and separates the anode and cathode compartments of a fuel cell.
The most commonly used type is DuPont’s Nafion® membranes. The
dominant mode of heat transfer in the membrane is conduction. An illus-
tration of the energy balance is shown in Figure 6-13.

The overall energy balance equation can be written as:

dT,
(inem Qa cat + QC cat + QI’ES mem

Hu. s +Huoov 4 + Himor « =Huo s — Himov s —Hior s

(Cpavg(ngases + nlip) + (pmemAmemtmem )Cpmem)

(6-65)

The heat-generation term in the membrane consists of Joule heating
only.
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FIGURE 6-13. Membrane energy balance.
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TABLE 6-2
Material Properties Used for Heat Transfer Calculations for Example 6-3
Fuel Cell Material Thickness Area Density Thermal Specific Heat
Layer (m) (m?) (kg/m?) Conductivity Capacity
(W/m-K) (J/kg-K)
End plate Polycarbonate 0.01 0.0064 1300 0.2 1200
Gasket Conductive 0.001 0.001704 1400 1.26 1000
rubber
Flow field Stainless steel 0.0005 0.003385 8000 65 500
plate
MEA Carbon cloth/ 0.001 0.0016 1300 26 864
Pt/C/Nafion
Flow field Stainless steel 0.0005 0.003385 8000 65 500
plate
Gasket Conductive 0.001 0.001704 1400 1.26 1000
rubber
End plate Polycarbonate 0.01 0.0064 1300 0.2 1200

EXAMPLE 6-3: Energy Balances

A PEM hydrogen/air single cell fuel cell stack operates at an initial tem-
perature of 298.15 K. There are seven layers in the stack: two polycar-
bonate end plates, two rubber gaskets, stainless steel flow field plates,
and an MEA. The necessary material properties for heat transfer calcula-
tions for each layer are shown in Table 6-2. Using the equations in
Section 6.3.6, plot the conductive heat transfer through the stack at
60 sec, 300 sec, and 1000 sec with one and 10 nodes per layer. Neglect
heat generation and losses from thermal resistance, electrochemical
reactions, and mass flows through the fuel cell.

Using MATLAB to solve:

function [t,T] = fuelcellheat

% FUELCELLHEAT Fuel cell stack heat transfer model

% Best viewed with a monospaced font with 4 char tabs.

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Constants

const.tfinal = 60; % Simulation time (s)
const.N = 7; % Number of layers
const.T_0 = 350; % End plate temperature

const.T_end = 350; % End plate temperature
const.T_in = 298.15; % Initial temperature (K)
const.h_surr = 17; % Convective loss from stack
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% Layers

% 1 — Left end plate

% 2 — Rubber gasket

% 3 — Anode Flow Field (Stainless steel)
% 4 — MEA

% 5 — Cathode Flow Field (Stainless steel)
% 6 — Rubber gasket

% 7 — Right end plate

% Layer parameters
% 1234567

% Number of temperature slices within layer (can be changed
to as many slices as necessary)

param.M =[10, 4, 2, 2, 2, 4, 10];

% Density (kg/m”3)

param.den = [1300, 1400, 8000, 1300, 8000, 1400, 1300];

% Area (m”"2)

param.A =[0.0064, 0.001704, 0.003385, 0.0016, 0.003385, 0.001704, 0.0064];
% Thickness (m)

param.thick = [0.011, 0.001, 0.0005, 0.001, 0.0005, 0.001, 0.011];
% Thermal Conductivity (W/m-K)

param.k =[0.2, 1.26, 65, 26, 65, 1.26, 0.2];

% Specific heat capacity (J/Kg-k)

param.Cp = [1200, 1000, 500, 864, 500, 1000, 1200];

%% %6 %o %o %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Create 1D temperature slices (M temps per layer).

% The temperatures are at the center of each slice.

% x is at the edge of each slice (like a stair plot).

x=0;

layer = [J;

for i=1:const.N,

X = [x, x(end) + (1:param.M(i)) = param.thick(i)/param.M(i)]; % Boundary Points
layer = [layer, i*ones(1,param.M(i))];
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end
x = [-x(1), x]; % Add left hand heating block position (same width as first slice)

% Last point x(end) is the position of the right hand
heating block

% Slice thicknesses
dx = diff(x); % Gives approximate derivatives between x’s
% Heat transfer parameter (W/m~2-K)

left = 2:length(dx)-1;

center = 3:length(dx);

right = 3:length(dx);

layer = [0, layer];

param.U_left = [0, 1 ./ (dx(center) ./ (* param.k(layer(center))) + dx(left) ./ (= param.
k(layer(left))))];

param.U_right = [ 1 ./ (dx(center-1)./ (xparam.k(layer(center-1))) + dx(right) ./
(+param.k(layer(right)))), O;

param.U_left(1) = 1 ./ (dx(1) ./ (*param.k(1)) + 1/const.h_surr);

param.U_right(end)= 1 ./ (dx(end) ./ (* param.k(end)) + 1/const.h_surr);

layer = layer(2:end);

% Define temperature matrix

T = const.T_in*ones(size(x)); % Preallocate output

T(1) = const.T_0; % Left hand end plate temperature

T(end) = const.T_end; % Right hand end plate temperature

options = odeset(‘OutputFcn’, @(t,y,opt) heatplot(t,y,opt,x));

[t,T] = oded45(@(t,T) heat(t,T,x,layer’ ,param,const), [linspace(0,const.tfinal,100)], T,
options);

end % of function

o/
/0

function dTdt = heat(t, T,x,layer,param,const)
% Heat transfer equations for fuel cell
% Make a convenient place to set a breakpoint

if (t > 30)
s=1;
end

dT = diff(T); % Gives approximate derivatives between T's
dx = diff(x); % Gives approximate derivatives between x’s

dT_left = -dT(1:end-1);

dT_right = dT(2:end);
dx = dx(2:end);
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% Common energy balance terms

Q_right = param.U_right.x param.A(layer) .*dT_right’;
Q_left = param.U_left.xparam.A(layer) .= dT_left’;
mass = param.den(layer) .= param.A(layer) .= param.Cp(layer) .* dx;

%
% Combine into rate of change of T

dTdt = (Q_left + Q_right) ./ (mass);
dTdt = [0;dTdt(:);0];
end % of function

o/
/0

function status = heatplot(t,y,opt,x)
if isempty(opt)
stairs(x,y), title(['t = ‘,num2str(t)])

status = 0;
drawnow
end

end % of function

Figures 6-14 and 6-15 show the temperature plots obtained at 60, 300,
and 1000 seconds using one and ten slices per fuel cell layer. As illustrated
in the figures, the temperature distribution through the stack begins to
become more accurate as the number of slices in the layer increases.

6.4 Fuel Cell Heat Management

The heat distribution through a fuel cell stack needs precise temperature
control in order for the system to run efficiently. When a PEM fuel cell is
run at higher temperatures, the kinetics will be faster, which enables a
voltage gain that typically exceeds the activation voltage losses. Higher
operating temperature also means more of the product water is vaporized,;
thus, more waste heat goes into the latent heat of vaporization, and less
liquid water is left to be pushed out of the fuel cell.

Most fuel cell stacks require some type of cooling system to maintain
temperature homogeneity throughout the fuel cell stack. Small and micro-
fuel cells may not require a cooling system, and often can be designed to
be self-cooled. Cooling can be achieved through a number of means. One
of the simplest solutions for cooling a fuel cell stack is through free convec-
tion. This method does not require any complicated designs or coolant and
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can be suitable for small or low-power fuel cell stacks. Heat dissipation can
be achieved through manufacturing fins or through an open cathode flow
field design. Condenser cooling allows the stack to operate at higher tem-
peratures than other cooling types. In this system, the water can be con-
densed from the exhaust and then reintroduced into the stack. Heat
spreaders can help transfer heat to the outside of the stack through conduc-
tion, which then dissipates into the surroundings using natural or forced
convection. A common method for cooling fuel cell stacks is using cooling
plates. Thin cooling plates can be manufactured and inserted into the fuel
cell, or additional channels can be machined in the bipolar plates to allow
air, water, or coolant to flow through the channels to remove heat from
the stack.

6.4.1 Air Cooling

Many PEM fuel cells use air for cooling the fuel cell. There are several
methods of accomplishing this, and popular methods include putting
cooling channels into the bipolar plates, or using separate fuel cell cooling
plates. The air flow rate can be found from a simple heat balance. The heat
transferred into the air is”:

Q = mcoolantcp (Tcoolant,out - Tcoolant/in) (6-66)

In order to estimate the maximum wall temperature of the channel,
a heat transfer coefficient will be used. The Nusselt number is:

_hD,

Nu
k

(6-67)

where Nu is the Nusselt number, Dy, is the hydraulic diameter, h is the
convection heat transfer coefficient, and k is the fluid heat conductivity
(W/mK). For channels that have a constant heat flux at the boundary,
with a high aspect ratio and laminar flow, Incropera and DeWitt'? report
Nu = 8.23.

The hydraulic diameter (Dy) can be defined as:

4A,
D, = N (6-68)

where A, and P, are the cross-sectional area and the perimeter of the cir-
cular cooling channel, respectively. Some Nusselt numbers for Reynolds
numbers <2300 are shown in Table 6-3.

Recall that for a circular channel, the Reynolds number must be <2300
to ensure laminar flow through the channel. The Reynolds number, Re,
can be computed using Equation 6-59:
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TABLE 6-3
Nusselt Numbers for Channel Aspect Ratios for Reyn-
old’s Numbers <2300"

Channel Aspect Ratio Nusselt Number
1 3.61
2 4.12
4 5.33
8 6.49
ch mDC
Re = pv h = v h (6‘69)

u v

where v, is the characteristic velocity of the flow (m/s), Dy, is the flow

channel diameter or characteristic length (m), p is the fluid density (kg/m?),

u is the fluid viscosity (Ns/m?), and v is the kinematic viscosity (m?/s).
This equation is altered slightly for the coolant:

_ 4mcoolant
Hgas Pcs

Re (6-70)

where u is the gas or fluid viscosity (Ns/m?).
An empirical correlation from Incropera and DeWitt'? allows both a
Nusselt number and a heat transfer coefficient for air to be determined.

Nu = 0.664Rel/2* Pr1/3(Pr > 0.6) (6-71)

The coolant heats up as it travels along the channel, therefore, there
is a temperature difference between the inlet and outlet of the flow channel.
Assuming a uniform heat flux, the temperature difference between the
solid and gas is:

Q = LplatePcsh(Tsurface - Tgas) (6-72')

where L. is the length of the bipolar plate, Ty is the temperature of
the bipolar plate surface, and T, is the temperature of the gas.

The relationship between the surface temperature and cell edge can
be obtained using an energy balance within the bipolar plate, cathode, and
anode:

(Tedge - Tsurface )

be

Q = LplatePcsksolid (6-73)

where ty, is the thickness of bipolar plate, cathode, anode, and electrolyte;
keoia is the solid heat conductivity (W/mK); and T, is the temperature of
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the cell edge. These equations assume that the temperature difference is
constant along the entire channel due to the assumption of a constant heat
flux.

EXAMPLE 6-4: Coolant Mass Flow Rate

A 100-W PEMFC needs to maintain a consistent temperature in order
to provide adequate power to the load. The maximum operating tem-
perature that this fuel cell is designed for is 80°C. The fuel cell stack is
cooled using natural convection with air at 22°C. The length of the
bipolar plate is 10 cm. The cooling channel and cell plus bipolar plate
thickness are 10 and 0.4 cm, respectively. The width of the channel is
0.1 cm. The values for the thermal conductivity of the solid and gas are
20 W/mK and 0.0263 W/mK, respectively. The viscosity of the gas is
1.84 x 10* g/cms, and the specific heat is 1.0 J/gK. The heat generated
per cell is 2 W. What is the air mass flow rate required?

In order to find the temperature of the surface, the channel perim-
eter needs to be calculated:

2d + 2w =2%0.10 + 2%0.001 = 0.202m
The solid surface temperature at the cooling channel exit is:

(Tedge - Tsurface )

be

Q= LplatePcsksolid

Tope =80C— W L, 0004 1€ _ 6 950

010 0202 5y W 1K

mK

The hydraulic diameter is given by:

4Across—section _ 4dW

D, = -
" Pchannel 2(d + W)
h=f( 0.10m )0.001m=0.002m
2(0.10m +0.001m

Which is close to 2w as d >> w. The heat transfer coefficient is then
calculated:

h= 8'231{& = 8,23*% =109.31 w

Dy 0.002m m’K
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The heat transfer coefficient is used to determine the gas exit
temperature:

chll
T, as = Tsur ace 111
¢ : hLPchanncl
T, =80C—— 2" __ ( ! )( ! jg =79.07C
109.31W/m*K\ 0.10m /\ 0.202m / K

The air mass flow rate can be determined by setting
Tcoulant,out = Tgas-

Q cell _ LW

-— =0.035g/s
CpTcoolant,out - Tcoolant,in 107K(7907 _ ZZC)
g

Meoolant =

The total mass flow rate of coolant is equal to the value for one
cell multiplied by the number of cells.

Using MATLAB to solve:

% %% Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 6-4: Coolant Mass Flow Rate
% %0 % Yo %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

w_chan = 0.001; % Channel width (m)

t_chan = 0.10; % Channel thickness (m)

L_bpp = 0.10; % Bipolar plate length (m)

t_bpp_cell = 0.004; % Bipolar plate and cell thickness (m)

T_max = 80 + 273.15; % Maximum operating temperature (K)
T_cool = 22 + 273.15; % Cooling temperature (K)

Q_cell = 2; % Heat generated per cell (W)

cp = 1.0; % Specific heat (J/gK)

k_gas = 0.026 3; % Thermal Conductivity of gas (W/mK)
k_solid = 20; % Thermal Conductivity of solid (W/mK)

% Calculate the channel perimeter

Peri = 2*xt_chan + 2*w_chan

% The solid surface temperature at the cooling channel exit
T_surface = T_max — Q_cell / Peri*t_bpp_cell / L_bpp / k_solid

% Calculate the hydraulic diameter

D_h = 4+t_chan=*w_chan / Peri
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% Heat transfer coefficent

h =8.23xk_gas /D_h

% Gas exit temperature

T_gas = T_surface — Q_cell / (h=L_bpp* Peri)
% Air mass flow rate of the coolant

m_coolant = Q_cell / (cp*(T_gas — T_cool))

6.4.2 Edge Cooling

Another commonly used method for cooling the fuel cell is to remove heat
from the sides of the cell instead of between the cells. For this case, the
one-dimensional heat transfer that can be in a flat plate with heat genera-
tion is:

T Q
o adg 0 16-74]

where Q is the heat generated in the cell, W, K is the bipolar plate in-plane
thermal conductivity, W/(m#K), A is the cell active area, m? and D§ is
the average thickness of the bipolar plate in the active area, m.

The solution of the last equation for symmetrical cooling on both

sides with T(0) = T(L) = T, is

2 2
T-T,= kA%df L {E_(%) } (6-75)

where T, is the temperature at the edges of the active area, and L is the
width of the active area. The maximum temperature difference between
the edge and the center is'®:

Q

AT‘max =
1 A deff

(6-76)

The thickness of the plate at the border is dgp. According to Fourier’s law,
the temperature will be

QL

To-Ty=—> —
O PTokA d,

(6-77)
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where t, is the temperature at the edge of the bipolar plate. The total tem-
perature difference between the center of the plate and the edge of the plate
is

Q. (L b )
ATp=—0L| —+— 6-78
KA (8d§f{,+2dBp (6-78)

Chapter Summary

The calculation of heat transfer through the fuel cell stack is very impor-
tant because it affects reaction kinetics, water loss, and membrane hydra-
tion and heat loss. All of these characteristics ultimately determine the
fuel cell power output. The general energy balance states that the enthalpy
of the reactants entering the cell equals the enthalpy of the products leaving
the cell plus the sum of heat generated, the power output, and the rate of
heat loss to the surroundings. Conducting energy balances on fuel cell
systems is especially important because design of the subsystems and fuel
cell stack vary.

Problems

e A fuel cell with a 25-cm? active area generates 0.8 A/cm?* at 0.70 V. The
air at the inlet is completely saturated at 80°C and 1 atm. The oxygen
stoichiometric ratio is 2.0. Calculate the heat generated, assuming that
hydrogen is supplied in a dead-ended mode.

e Calculate the temperature at the center of a flow field (3 cm) of a fuel
cell operating at 0.65 V and 0.60 A/cm® The bipolar plate is made of
graphite with k = 22 W/mK; it is 2.2 mm thick in the active area, and
3 mm thick at the border. The border around the active area is 4 mm
wide.

¢ Calculate the heat generated for a fuel cell with a 100-cm?” active area
that generates 1 A/cm?” at 0.60 V. The fuel cell operates at 70°C and
3 atm. The oxygen stoichiometric ratio is 2.5.

e A fuel cell operates at 0.7 V and 0.8 A/cm?. Calculate the temperature
distribution through the gas diffusion layer-bipolar plate on the cathode
side. The ionic resistance through the membrane is 0.12 Ohm-cm? The
heat is removed from the plate by a cooling fluid at 25°C, with a heat
transfer coefficient, h = 1600 W/m?*. The electrical resistivity of the gas
diffusion layer and the bipolar plate is 0.07 Ohm-cm and 0.06 Ohm-cm,
respectively. The contact resistance between the gas diffusion layer and
the bipolar plate is 0.006 Ohm-cm. The effective thermal conductivity
of the GDL and the bipolar plate is 16 W/mK and 19 W/mK, respectively.
The thickness of the GDL and the bipolar plate is 0.30 and 2.5 mm,
respectively.



Heat Transfer 165

Endnotes

[1] Spiegel, C.S. Designing and Building Fuel Cells. 2007. New York: McGraw-
Hill.

[2] Barbir, F. PEM Fuel Cells: Theory and Practice. 2005. Burlington, MA: Elsevier
Academic Press.

[3] Spiegel, Designing and Building Fuel Cells.

[4] Barbir, PEM Fuel Cells: Theory and Practice.

[5] Ibid.

[6] Nellis, G. ME 564: Elementary Heat Transfer. Course Notes. College of Engi-
neering. University of Wisconsin-Madison. http://courses.engr.wisc.edu/
ecow/get/me/564 /nellis/ Last updated 02/27/08. Last Accessed 03/10/08.

[7] Sundaresan, Meena. A Thermal Model to Evaluate Sub-Freezing Startup for a
Direct Hydrogen Hybrid Fuel Cell Vehicle Polymer Electrolyte. Fuel cell start
and system. March 2004. Ph.D. Dissertation. University of California Davis,
California, U.S.A.

[8] Ibid.

[9] Barbir, PEM Fuel Cells: Theory and Practice.

[10] Incropera, F., and D. deWitt. 1996. Fundamentals of Heat and Mass Transfer.
4th ed. New York: Wiley & Sons.

[11] Kutz, M. 2006. Heat Transfer Calculations. New York: McGraw-Hill.

[12] Incropera, Fundamentals of Heat and Mass Transfer. 4th ed.

[13] Barbir, PEM Fuel Cells: Theory and Practice.

Bibliography

Chase, M.W., Jr. et al. 1985. JANAF Thermochemical Tables. 3rd ed. American
Chemical Society and the American Institute for Physics, /. Physical and Chem-
ical Reference Data. Vol. 14, Supplement 1.

Chen, R., and T.S. Zhao. Mathematical modeling of a passive feed DMFC with heat
transfer effect. J. Power Sources. Vol. 152, 2005, pp. 122-130.

Faghri, A., and Z. Guo. Challenges and opportunities of thermal management issues
related to fuel cell technology and modeling. Int. . Heat Mass Transfer. Vol. 48,
2005, pp. 3891-3920.

Felder, R.M., and R.W. Rousseau. 1986. Elementary Principles of Chemical Pro-
cesses. 2nd ed. New York: John Wiley & Sons.

Fuel Cell Group, EEI, AIST. Thermal and Physical Properties of Materials
for Fuel Cells. Available at: http://unit.aist.go.jp/energy/fuelcells/english/data-
base/thphyl.html. Accessed March 24, 2007.

Fuel Cell Handbook. 5th ed. October 2000. EG&G Services, Parsons Incorporated,
Science Applications International Corporation, U.S. Department of Energy.

Graf, C., A. Vath, and N. Nicolosos. Modeling of heat transfer in a portable PEFC
system within MATLAB-Simulink. J. Power Sources. Vol. 155, 2006, pp. 52-59.

Hwang, J.J., and P.Y. Chen. heat/mass transfer in porous electrodes of fuel cells.
Int. J. Heat Mass Transfer. Vol. 49, 2006, pp. 2315-2327.

Kulikovsky, A.A. Heat balance in the catalyst layer and the boundary condition for
heat transport equation in a low-temperature fuel cell. J. Power Sources. Vol. 162,
2006, pp. 1236-1240.



166 PEM Fuel Cell Modeling and Simulation Using MATLAB®

Li, X. Principles of Fuel Cells. 2006. New York: Taylor & Francis Group.

Lin, B. 1999. Conceptual design and modeling of a fuel cell scooter for urban Asia.
Princeton University, masters thesis.

Mench, M.M., C.-Y. Wang, and S.T. Tynell. An Introduction to Fuel Cells
and Related Transport Phenomena. Department of Mechanical and Nuclear
Engineering, Pennsylvania State University. PA, USA. Draft. Available at: http://
mtrll.mne.psu.edu/Document/jtpoverview.pdf. Accessed March 4, 2007.

Mench, M.M., Z.H. Wang, K. Bhatia, and C.Y. Wang. 2001. Design of a Micro-Direct
Methanol Fuel Cell. Electrochemical Engine Center, Department of Mechanical
and Nuclear Engineering, Pennsylvania State University. PA, USA.

Middleman, S. 1998. An Introduction to Mass and Heat Transfer. Principles of
Analysis and Design. New York: John Wiley & Sons.

O’Hayre, R., S.-W. Cha, W. Colella, and F.B. Prinz. 2006. Fuel Cell Fundamentals.
New York: John Wiley & Sons.

Pitts, D., and L. Sissom. 1998. Heat Transfer. 2nd ed. Schaum’s Outline Series. New
York: McGraw-Hill.

Rowe, A., and X. Li. Mathematical modeling of proton exchange membrane fuel
cells. J. Power Sources. Vol. 102, 2001, pp. 82-96.

Sousa, R., Jr., and E. Gonzalez. Mathematical modeling of polymer electrolyte fuel
cells. J. Power Sources. Vol. 147, 2005, pp. 32-45.

Springer et al. Polymer electrolyte fuel cell model. J. Electrochem. Soc. Vol. 138,
No. 8, 1991, pp. 2334-2342.

van den Oosterkamp, P.F. Critical issues in heat transfer for fuel cell systems.
Energy Convers. Manage. Vol. 47, 2006, pp. 3552-3561.

You, L., and H. Liu. A two-phase flow and transport model for PEM fuel cells. J.
Power Sources. Vol. 155, 2006, pp. 219-230.



CHAPTER 7

Modeling the Proton
Exchange Structure

7.1 Introduction

The electrolyte layer is essential for a fuel cell to work properly. In PEM
fuel cells (PEMFCs), the fuel travels to the catalyst layer and gets broken
into protons (H') and electrons. The electrons travel to the external circuit
to power the load, and the hydrogen protons travel through the electrolyte
until they reach the cathode to combine with oxygen to form water. The
PEM fuel cell electrolyte must meet the following requirements in order
for the fuel cell to work properly:

¢ High ionic conductivity

¢ Present an adequate barrier to the reactants

¢ Be chemically and mechanically stable

¢ Low electronic conductivity

e Ease of manufacturability/availability

o Preferably low cost

The membrane layer contains the solid polymer membrane, liquid water,
and may also contain water vapor and trace amounts of H,, O,, or CO,
depending upon the purity of the H, coming into the system. Various
models use different equations which are derived from the same governing
equations. Table 7-1 summarizes the most commonly used equations for
creating an accurate model of the PEM layer. Specific topics covered in this
chapter include:

e Mass and species conservation
e Jon transport

e Momentum conservation

e Conservation of energy

¢ Other required relations
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TABLE 7-1
Equations Used to Model the PEM Layer

Model Characteristic Description/Equations

No. of dimensions 1,2,0r3

Mode of operation Dynamic or steady-state

Phases Gas, liquid, or a combination of gas and liquid

Mass transport Nernst-Planck + Schlogl, Nernst-Planck + drag coefficient,
or Stefan-Maxwell equation

Ion transport Ohm’s law

Membrane swelling ~ Empirical or thermodynamic models

Energy balance Isothermal or full energy balance

This chapter explains the physical characteristics, properties, and cur-
rent modeling theories for the polymer exchange membranes used for PEM
fuel cells.

7.2 Physical Description of the Proton Exchange Membrane

The standard electrolyte material presently used in PEMFCs is a copolymer
of poly(tetrafluoroethylene) and polysulfonyl fluoride vinyl ether. The poly-
mer is stable in both oxidative and reductive environments and has high
protonic conductivity (0.2 S/cm) at typical PEMFC operating temperatures.
The thickness of these membranes ranges from 50 to 175 microns (um).

The proton-conducting membrane usually consists of a PTFE-based
polymer backbone, to which sulfonic acid groups are attached. The proton-
conducting membrane works well for fuel cell applications because the H
jumps from SO; site to SO; site throughout the material. The H emerges
on the other side of the membrane. The membrane must remain hydrated
to be proton-conductive. This limits the operating temperature of PEMFCs
to under the boiling point of water and makes water management a key
issue in PEMFC development. Figures 7-1 and 7-2 illustrate the SOj; sites
in the Nafion membrane.

Perfluorosulfonic acid (PFSA) membranes, such as Nafion, have a low
cell resistance (0.05 Q cm?) for a 100-um-thick membrane with a voltage
loss of only 50 mV at 1 A/cm?*. Some disadvantages of PFSA membranes
include material cost, supporting structure requirements, and temperature-
related limitations. The fuel cell efficiency increases at higher tempera-
tures, but issues with the membrane, such as membrane dehydration,
reduction of ionic conductivity, decreased affinity for water, loss of mechan-
ical strength via softening of the polymer backbone, and increased parasitic
losses through high fuel permeation, become worse. PFSA membranes
must be kept hydrated in order to retain proton conductivity, but the oper-
ating temperature must be kept below the boiling point of water.
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FIGURE 7-1. A pictorial illustration of Nafion.
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FIGURE 7-2. The chemical structure of Nafion.

The most popular type of electrolyte used in PEMFCs is made by
DuPont and has the generic brand name Nafion. The Nafion membranes
are stable against chemical attack in strong bases, strong oxidizing and
reducing acids, H,O,, Cl,, H,, and O, at temperatures up to 125°C. Figure
7-2 illustrates the chemical structure.

When modeling the polymer electrolyte membrane, it is typically
assumed that the concentration of positive ions is fixed by electroneutral-
ity, which means that a proton occupies every fixed SO;™ charge site. The
charge sites are assumed to be distributed homogeneously throughout
the membrane, which results in a constant proton concentration in the
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membrane. A flux of protons, thus, results from a potential gradient and
not a concentration gradient. In addition, the number of protons that can
be transported is only one, which helps to simplify the governing transport
equations. The permeation of reactants into the electrolyte results in mixed
potentials at the electrodes, reduced performance, and possibly degradation
of the catalyst. The polymer electrolyte membrane contains water and
hydrogen protons; therefore, the transfer of the water and protons are
important phenomena to investigate. In addition to species transfer, the
primary phenomena investigated inside the membrane are energy transfer
and potential conservation. For water transport, the principle driving forces
are a convective force, an osmotic force (i.e., diffusion), and an electric
force. The first of these results from a pressure gradient, the second from
a concentration gradient, and the third from the migration of protons from
anode to cathode and their effect (drag) on the dipole water molecules.
Proton transport is described as a protonic current and consists of this
proton-driven flux and a convective flux due to the pressure-driven flow of
water in the membrane. Figure 7-3 illustrates the transport phenomena for
the protons taking place within the membrane.

electrons @

l Cathode

o

N;
0,

Hydrogen Water

\

— H,0 diffusion

Potential driven
~— H+ (drag force on
H20)

— H,0 and H+
convection

Catalyst Layer  Electrolyte Gas Diffusion Layer
(Carbon supported Layer (Electrically
catalyst) conductive fibers)

FIGURE 7-3. Membrane transport phenomena.
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7.3 Types of Models

Most fuel cell models that have been developed assume that the membrane
system is a single phase. The membrane system is assumed to have three
main components: the membrane, protons, and water. Therefore, there are
three main transport properties. This assumption neglects any other ion
types that may be in the membrane and does not consider hydrogen or
oxygen crossover in the membrane. The effect of hydrogen or oxygen cross-
over does not significantly influence water or proton transport and, there-
fore, can be neglected in most fuel cell models without affecting the model
efficiency. Table 7-2 summarizes the types of models in the literature for
fuel cell membranes.

7.3.1 Microscopic and Physical Models

There have been numerous microscopic models that have been based on
statistical mechanics, molecular dynamics, and other types of macroscopic
phenomena. These models are valuable because they provide a fundamen-
tal understanding of the processes such as diffusion and conduction on a
microscopic level. These models also observe effects that are ignored in the
macroscopic models, such as ionic and backbone moieties, and conduction
through different proton-water complexes. Almost all microscopic models
treat the membrane as a two-phase system. Although these models provide
valuable information, they are usually too complex to be integrated into

TABLE 7-2

Types of Models

Type of Model Description

Microscopic and Microscopic and physical models provide a fundamental

physical models understanding of many membrane processes such as

diffusion and conduction in the membrane on a pore
level.

Diffusive models Diffusive models treat the membrane system as a single

phase. It is assumed that the membrane is a vapor-
equilibrated membrane, where the water and protons
dissolve and move by diffusion. The common types are
dilute and concentrated solution theory.

Hydraulic models Hydraulic models assume that the membrane system has
two phases, which are the membrane and liquid water.
Hydraulic-diffusive Hydraulic-diffusive models consider both diffusion and
models pressure-driven flow.

Combination models =~ Combination models include the characteristics of all of
the above models and include the effects when the
membrane is saturated with water and dehydrated.
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an overall fuel cell model. One important membrane property that should
be integrated into a macroscopic model is how the membrane structure
changes as a function of water content (where A is the moles of water per
mole of sulfonic acid sites). This property is well documented in the
literature and can be measured by examining the weight gain of an
equilibrated membrane.

The dry membrane absorbs water in order to solvate the acid groups.
The initial water content is associated strongly with the sites, and the
addition of water causes the water to become less bound to the polymer
and causes the water droplets to aggregate. These water clusters eventually
grow and form interconnections with each other. These connections create
“water channels,” which are transitory, and have hydrophobicities compa-
rable to that of the matrix. A transport pathway forms when water clusters
are close together and become linked. An illustration of the water uptake
of the Nafion membrane is shown in Figure 7-4. The percolation phenom-
enon begins around A = 2. The next stage occurs when a complete cluster-
channel network has formed. In the last stage, the channels are now filled
with liquid, and the uptake of the membrane has increased without a
change in the chemical potential of water. This phenomenon is known as
Schroeder’s paradox'.

° ° ° o O O O ° O
° O o O ° o O
. ° : ¢ . O ° ’ *
: . . ° . : . . O .
. . . O O .
o o . ) o . ° O O O O o
a) A=0 b) A<2

FIGURE 7-4. A pictorial illustration of the water uptake of Nafion®.
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7.3.2 Diffusive Models

Diffusive membrane models treat the membrane system as a single phase,
and correspond to part ¢ of Figure 7-4. Typically, this system has no true
pores, the collapsed channels fluctuate, and the system is treated as a
single, homogeneous phase where water and protons dissolve and move by
diffusion. For the proton movement, Ohm'’s law is used:

12 = —KV(I)2 (7_1)

where « is the ionic conductivity of the membrane. This can easily be
integrated to yield a resistance for use in a polarization equation in a zero-
dimensional model.

7.3.3 Dilute Solution Theory
The Nernst-Planck equation first introduced in Chapter 5 yields:

Ni= _ZiiDiCi& -Di dc;
RT dx dx

+vC; (7-2)

where Nj is the superficial flux of species i, z; is the charge number of
species i, C; is the concentration of species i, D is the diffusion coefficient
of species i, ®,, is the electrical potential in the membrane, and v is the
velocity of H,O. The first term is a migration term, representing the motion
of charged species that results from a potential gradient. The migration flux
is related to the potential gradient (-V®,) by a charge number, z;, concentra-
tion, c¢;, and mobility, u;. The second term relates the diffusive flux to the
concentration gradient. The final term is a convective term and represents
the motion of the species as the bulk motion of the solvent carries it
along.

In single-phase systems, the solvent is assumed to be the membrane.
Dilute solution theory only considers the interactions between each dis-
solved species and the solvent. The motion of each charged species is
described by its transport properties, which are the mobility and the diffu-
sion coefficient, which are related to each other by the Nernst-Einstein
equation:

D, = RTy, (7-3)

If the solution species are very dilute, then the interactions among
them can be neglected, and just the material balances can be used. If water
movement in the membrane is considered, the Nernst-Planck equation will
also be needed. As the protons move across the membrane, they induce a
flow of water in the same direction. This electroosmotic flow is a result of
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the proton-water interaction and is not a dilute solution effect because the
membrane is taken to be the solvent. The electroosmotic flux is propor-
tional to the current density and can be added to the diffusive flux to get
the overall flux of water:

N, = 5% ~D, Ve, (7-4)

where £ is the electroosmotic coefficient. Most single-phase models use
Equation 7-4 with Ohm’s law (Equation 7-1). Differences in the models
arise from the functions used for the transport properties and the concen-
tration of water in the membrane.

7.3.4 Concentrated Solution Theory

Concentrated solution theory can easily be used when an electrolyte is
modeled with three species. This model can take into effect the binary
interactions between all of the species. The equations for the three-species
system are:

i, = —%Vﬂwl -kV®, and N,,= 5% =y Vily, (7-5)

where u,, represents the chemical potential of water, and a, is the transport
coefficient of water. The equation for the membrane is ignored, since it is
dependent on the other two equations by the Gibbs-Duhem equation. For
many models in the literature, these equations were used in a Stefan-
Maxwell framework.

7.3.5 Membrane Water Content

In addition to using a dilute or concentrated solution theory, functional
forms for the transport parameters and the concentration of water are
needed. These properties include temperature and water content. Different
models determine the membrane water content in different ways. The
majority of models correlate with water activity since it is easily calculated.
Other models in the literature use the Flory-Huggins theory, simple mass
transfer relationships, capillary arguments, or equilibrium between water
and protons in the membrane.

Schroeder’s paradox is an observed phenomenon that needs to be con-
sidered in any model where the membrane is not either fully hydrated
or dehydrated. There are several ways in which this can be accounted for:
(1) it can be ignored by assuming that the membrane is fully hydrated or
only vapor filled, or (2) a relation can be made between water content
and water activity. As the water content increases, the properties of the
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FIGURE 7-5. Water uptake isotherm at 25°C showing the effect of Schroeder’s
paradox.

membrane change. Nafion exhibits a water-uptake isotherm as shown in
Figure 7-5.

There also are many models that use an empirical expression for the
isotherm. One of the first models to use an isotherm was that by Springer
et al.® In that model, lambda was used to represent the amount of water
flow in the membrane, and an activity coefficient was used to account for
the isotherm behavior. This empirical relationship is one of the most com-
monly used in the literature to model the membrane, and is written in
Sections 7.4.1, 7.4.6, and 7.4.7.

7.3.6 Hydraulic Models

There are also many models in the literature that assume that the mem-
brane system is two phases. This is accomplished by assuming that the
membrane has pores that are filled with liquid water; therefore, the two
phases are water and membrane. The additional degree of freedom allows
the inclusion of a pressure gradient in the water because of a possibly
unknown stress relation between the membrane and fluid at every point
in the membrane. Most of these models assume that the water is pure, and
the water content of the membrane is assumed to remain constant as long
as the pores are filled and the membrane has been pretreated appropriately.
The first model to describe the membrane in this manner was that of
Bernardi and Verbrugge, which was based on earlier work by Verbrugge and
Hill. This model assumed a dilute solution approach that used the Nernst-
Planck equation to describe the movement of protons. This is because there
are two phases; the protons are in the water and the velocity of the water
is given by Schlogl’s equation:
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Vi = _[E)VPL - (k_q))ZfoFV(bz (7-6)
u u

where k and ko, are the effective hydraulic and electrokinetic permeability,
respectively, p; is the hydraulic or liquid pressure, u is the water viscosity,
and z; and ¢ refer to the charge and concentration of fixed ionic sites,
respectively.

The movement of water can be attributed to a potential gradient and
a pressure gradient. The movement of water by a pressure gradient is deter-
mined primarily by an effective permeability of water moving through the
pore network. This approach is quite useful for describing fuel cell systems
where the membrane is well hydrated, but it requires that the water content
be uniform across the membrane, with only a pressure gradient as a driving
force for water movement. Such a treatment does not necessarily lend itself
to describing the flux of water resulting when there is a water-activity
gradient across the membrane.

Unlike the cases of the single-phase models above, the transport prop-
erties are constant because the water content does not vary, and thus, one
can expect a linear gradient in pressure. However, due to Schroeder’s
paradox, different functional forms might be expected for the vapor- and
liquid-equilibrated membranes. The equations for the concentrated solu-
tion theory are the same for both one and two phases, except that the
chemical potential is replaced by the hydraulic pressure and the transport
coefficient is related to the permeability through comparison to Darcy’s
law. Therefore, Equation 7-5 becomes:

o k

“CF uv,

VpL (7-7)

w,2

where V,, is the molar volume of water.

7.3.7 Combination Models

There is a need to be able to describe both types of behavior, diffusive and
hydraulic, in a consistent manner, which also agrees with experimental
data. For example, a membrane with low water content is expected to be
controlled by diffusion, and an uptake isotherm needs to be used. This is
due to the fact that there is not a continuous liquid pathway across the
medium, and that the membrane matrix interacts significantly with the
water due to binding and solvating the sulfonic acid sites. A hydraulic pres-
sure in this system may not be defined. On the other hand, when the
membrane is saturated, transport still occurs. This transport must be due
to a hydraulic-pressure gradient because oversaturated activities are non-
physical. A model that combines the concepts from both the diffusive and
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hydraulic models would most accurately describe the membrane system.
The two types of models are seen as operating fully at the limits of water
concentration and must somehow be averaged between those limits. As
mentioned, the hydraulic/diffusive models try to do this, but Schroeder’s
paradox and its effects on the transport properties are not taken into
consideration.

7.4 Proton Exchange Membrane Modeling Example

In order to model the electrolyte accurately, the transport of mass, charge,
and energy must be included in the model. A form of Equation 7-1 must
be solved in the electrolyte for ion transport. Contact resistance between
the electrode and the electrolyte can also be significant and should be
incorporated into the model.

Table 7-3 lists the most common variables used for describing the
membrane layer. It is important to keep in mind that the complete set of
equations is seldom used in modeling; often simplifying assumptions are
used. Sections 7.4.1 through 7.4.6 show an example of how these equations
and variables can be used to create a model for the polymer exchange
membrane.

TABLE 7-3
Fuel Cell Polymer Membrane Layer Variables and Equations
Variable Equation Equation No.
Overall liquid water flux (N) Mass balance 7-2, 7-10, 9-4 or
Chapter 5
equations
Overall membrane water flux (Ny) Mass balance 7-2, 7-10, 9-4 or
Chapter 5
equations
Gas phase component flux (Ng) Mass balance 7-2, 7-10, 9-4 or
Chapter 5
equations
Gas phase component partial Stefan-Maxwell 5-63
pressure (pe;)
Membrane water chemical potential ~ Schlogl’s equation ~ 7-6 or 7-7
(£4)
Electronic phase current density (i) Ohm'’s law 8-46
Membrane current density (i,) Ohm’s law 7-5, 8-46, 9-2 or 9-2

Electronic phase potential (@)
Total gas pressure (pg)

Liquid saturation (S)

Liquid pressure in membrane (P ,,)
Temperature (T)

Charge balance
Darcy’s law
Saturation relation
Darcy’s law
Energy balance

8-46
8-50
8-54
8-52
Chapter 6 equations
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7.4.1 Mass and Species Conservation

For both water and protons, the mass conservation equation can be repre-
sented as:

dc; J
Zio 7N, )
X X (7-8)

where i is H,O or H*, ¢; is the molar concentration, and N is the molar
flux due to electroosmotic driving forces and convection. In a diluted
solution, N; is given by the Nernst-Planck equation along with the
Nernst-Einstein relationship:

N; =i + cu™ (7-9)

where u™ is the mixture velocity and J; is the diffusive flux.

In PEM fuel cells, the two important fluxes or material balances are
the proton flux and the water flux. The membrane needs to stay hydrated
in order to ionically conduct hydrogen; therefore, the water profile must
be calculated in the electrolyte. In the Nafion membrane, two types of
water flux are present: back diffusion and electroosmotic drag. From Chapter
4 and equation 7-4, both fluxes can be accounted for by the following
equation:

dciiho iy

7"' ndrag? (7-10)

M _
Ji20 = —Demo,r

where ng,,, is the measured drag coefficient, i, is the protonic current in the
x direction, F is Faraday’s constant, Anossos is the water content (molyo/
molsos_), phiy is the dry membrane density (kg/m3), Danor is the diffusion
coefficient, and M,, is the membrane molecular mass (kg/mol). The water
content is not constant in this equation. The resistance of the electrolyte
can be estimated using the water content, which can be described by:

A
Mg = 2.5~ 22 (7-11)
Cm
Aogs03 = m¢ (7-12)
dry _ b m
Mo CH20

where b is the membrane extension coefficient in the x direction, which is
determined experimentally, and the value b = 0.0126 is typically used.

Do, is the diffusion coefficient, which includes a correction for the
temperature and for the water content. It is expressed in a fixed coordinate
system with the dry membrane by:
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11 1 1
Dunor = D' exp2416( —— - 1) dnosors 7.13
H201 [eXp (303 Tﬂ w0803 7o 7e oariogar L)

where a is the activity of water, and D’ (m?/s) is the diffusion coefficient
measured at constant temperature, and in coordinates moving with the
swelling of the membrane. D has been added to the above equation to
ensure that water contents below 1.23 do not result in negative diffusion
coefficients. D" at 30°C is written as:

D =2.64227¢(-13) &ossos  fOr Amossos < 1.23 (7-14)

D = 7.75e(-11) dmoysos — 9-5¢(—11)  for 1.23 < Amosos <6 (7-15)

D = 2.5625e(~11)Amojsos + 2.1625e(-10)  for 6 < Amoysos <14 (7-16)
The total molar flux for water can be expressed as:

Nino = Jmo + (Ciou™) (7-17)

where the mixture velocity u™ is given by the momentum equation
below.
The mass conservation of water can be expressed as:

och d d
;tzo = _XIHZO + —X(Cﬁzoum) (7-18)

where the mixture velocity u™ is given by the momentum equation.

Now, due to the assumption of electroneutrality and the homo-
geneous distribution of charge sites, the mass conservation of protons
simplifies to:

3CH+ — 0 aCH+
ox "ot

-0 (7-19)

Therefore, as soon as a current exists, the membrane is charged, and
the concentration of protons remain constant. The charge of the protons
equals that of the fixed charges. The diffusive molar flux for the protons
(Ju:) can be written as:

F oD,

- _DH+CH+

RT ox

]H+ -

(7-20)

where @,, is the membrane proton potential, and Dy is the proton diffusiv-
ity. Combining this diffusive flux with the convective flux results in the
total molar flux for the hydrogen protons, i.e.:

NH+ = IH+ + CH+um (7-21)
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7.4.2 Momentum Equation

For the mixture (water and protons), the assumption is made that the
momentum equation takes the form of the generalized Darcy relation:

u® =-— Kllf [% — pgcos 9} (7-22)

where u™ is the mixture velocity, K is the absolute permeability of the
porous medium, k& is the relative permeability, g is the gravity, and 0 is
the angle that the x-axis (the direction of flow) makes to the direction of
gravity. The mixture density and the dynamic viscosity of the mixture are
written as:

P = My, Cur + MinoCmo (7-23)
My, Cuy MiusoC
1= H+CH Ly + HZ(; H20 Lo (7-24)

7.4.3 Conservation of Energy Equation

Energy is transported by conduction and convection within the three phases
of the membrane (polymer, liquid/gas). The effects of ohmic losses within
the membrane are taken into account by an additional source term in the
energy balance equation so that energy conservation is given by:

pcp%—fz M%—MCPN%+RH, (7-25)
where
PCr = P Com + PihoChi20 + PrCor (7-26)
Prs = Mu,Cu.piho = MimnoCiho (7-27)
Mc,N = MinoChoNmo + My N (7-28)

The transient energy effect associated with mass storage within the hydrated
membrane is neglected due to the fact that the dry membrane mass does
not change, and is several orders of magnitude larger than that of the water
that hydrates the membrane.

Substituting the expressions for Ny and Ny, an expanded expression
for McpN can be obtained:
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a A i
_ m m m p,H20 H20/SO3 1m

ox 22
20 (7-29)
MH+Cp,H+(CH+um - DH+CH+ij
The source term, Ry, is given by
12
R,=— (7-30)

where o, is the conductivity of the membrane and is written as a function
of the temperature, and the water content is:

1 1
=0, 1268 — - = 7-31
o GsoseXP[ (303 Tﬂ (7-31)

with 0303, the conductivity of the membrane at 303 K given by:

Om303 = 100 = (0.0051392«1{20/503 - 000326) for /IHZO/SO3 >1 (7-32)

7.4.4 lon Transport

The equation for the proton potential is derived from Ohm’s law, and rep-
resents the proton flux divided by the membrane conductivity. The elec-
troneutrality assumption allows the total molar proton flux to be related
directly to current density and the velocity u™, represents the convective
flux of protons. This results in the following equation:

%—_L_Fic u™ (733)
ox Om On i )

7.4.5 Interface Water Activity Relation

At the membrane interfaces, the water vapor activity is given by

RT

a=——=iot+2s ac|0,..., 3] (7-34)
Psa:(T)

where cf,o is the water vapor concentration and s is the saturation ratio.

An assumption is made that s is zero for activities less than 1, meaning

that no liquid water is present in the membrane pores until the activity

exceeds 1. The highest value that the first term can reach is 1; therefore, a

maximum saturation ratio of 1 results in an activity of 3.
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7.4.6 Membrane Water Activity Relation

The relation for the water activity within the membrane is given by the
reciprocal of the sorption curve. As with the water vapor activity at the
interfaces, the result from Springer et al.* for water vapor activity in Nafion
117 at 30°C is given by:

a 1+ Cadmros0s + (216(c3 — Cadmrosos + CS/’L]Z{ZO/sos)l/Z)l/s -

~2160°

797
Cslizo/sos)l/z)l/s + m fOl’ ﬂ‘HZO/SO?) S 14—

where ¢l = -41,956¢4, c2 = 139,968¢3, c3 = 382,482¢6, c4 = 251,739¢3, and
c5 =419,904¢6.

a= 0.71431}{20/503 -9.0021 fOI' 14 < leo/sog <16.8 (7-36)

a=3 for 16.8 < AHZO/SO3 (7-37)

EXAMPLE 7-1: Modeling the Polymer Electrolyte Layer

Create a model for the PEM layer as a function of x (membrane position
in the x direction) using Equations 7-8 to 7-37 introduced in this chapter.
Set dc_H20/dt (Equation 7-18) and dT/dt (Equation 7-25) to zero in order
to solve for the steady-state distribution of the other variables. Solve the
equations over 10 slices in order to get a good solution. Use the equa-
tions for the following slice-dependent state variables: the concentration
of water (C_H20), temperature (T), change in T with respect to x (dT/dx),
potential (pot), and pressure (P). Plot C_H20O, T, pot, and P as a function
of x.

Since there are five differential equations for each state variable, a
mass matrix in MATLAB will be used to efficiently solve the differential
equations simultaneously. To set up the equations, first rewrite them
with all the differentials on the left side and everything else on the right
side. The equations will then be arranged into an order roughly matching
the order of the state variables. The terms will then be collected together,
and put into a “mass” matrix m-file, which is a function of the state
variables M(y). The right-hand side forms the equations you compute in
the dydx function f(x,y). The resulting form of the equations is M(y) * dydx
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= f(x,y) where y is the state variable and M and f are matrix functions.
Use odeset to specify the mass m-file M(y) and then call one of the ode
solvers.

The mass conservation of water from Equations 7-8 and 7-9 is:

oJch 0 0
% = _XIHzo + —g(cﬁlzoum)
: m m 801}?20 .
since XIHZO = _X(Cmou ) when =0. For this example, the

diffusive flux for water (Equation 7-10) will be used to calculate the water
concentration:

IH o= _DC T acrl-?zo + Z.SAHZO/SOS _imX
2 H20, 8X 22 F
This equation can be rewritten as:
Cm, _ ]HzO _ 25 /’LH20/SOS j-mx
H,O ™
’ _DCHZO/T _DCHZO,T 22 F

The energy conservation Equation (7-25) is written as:

JT *T JT
pcpg = /lm 3)(2 - MCPNX + Rm

when T _ 0, then:
ot

’T _Mc,NJT Ry
ox® An  OX A

rewritten as:
A T” — McpNT’ = R,
(TY - T =0
The potential (Equation 7-38) can be expressed as:

ob, i F .
—S=——+—cy,u

ox Onm Om
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rewritten as:

i F
P, =——+——cy,u”
Om On

Molar velocity of the mixture (Equation 7-22) is:

g
u™ = —%[% — pgcos 9}

rewritten as:

,__u’u
=— + pgcos6
p Kk Pg

Therefore, there are five equations and five state variables. The
other relations needed to calculate the parameters for the five differential
equations are as follows:

Diffusive flux for hydrogen (Equation 7-20):

F oD,
]H+ =———Dy,cpy,——

RT Jx
Density for the mixture (Equation 7-23):
Prr = MuCuy + MinoCino
Dynamic viscosity of the mixture (Equation 7-24):

_ My, Ch. Mus0CH20
= H+ T Hmo

u

Diffusion coefficient (Equation 7-13):

1 1

Do =D’ |:CXP 241 6(@ - ?)]Amo/sos

1 1
al7.81-87.9a+108a”

D’ at 30°C is written as (Equation 7-14):
D= 2.6422766(-13)&1{20/503 for A'HZO/SOS <1.23
D= 7756(—1 ]-)/IHZO/SOB' - 956(—11) for 1.23 < }'HZO/SOS <6

D= 256256(—1 I)A'HZO/SOS + 216256(—10) for 6 < AHzo/sog <14
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Water uptake (Equation 7-12):

m
p) _ CH20
H20/503 = ~m
dry m
Mo - bciho

Heat capacity of the phase mixture (Equations 7-26 and 7-28):

_ Ad
PCp = Pm’ Cpm + PH20CHH20 + Pr:Come

dCiho )VHzo/SOS i
MCPN = MHzocngzo(Cﬁzoum - DCHZO,T ox +2.5 2 ; +

oD,
MH+Cp/H+(CH+um - DH+CH+_

Ix

Activity of the water molecules (Equation 7-37):

1
a= mcl + Clezo/sog, + (216(C3 - C4)VH20/503 +

€5 X sona)° ~134,183/2160/ c, +

H20/503
CoAmopsos + (216(c; - Cadmogos +
797

2 1/241/3
Cﬁﬂ’mo/sos)/ )/ +

2160 fOl’ A’HZO/SOS < ].4

where ¢, =-41,956¢e4, ¢, = 139,968€3, c; = 382,482e6, ¢, = 251,739¢3, and
c;s = 419,904¢e6

a= 0.71431}120/503 -9.0021 forl14 < AHZO/SOS <16.8

a=3 for 16.8 < A'HZO/SOS

Ohmic loss source term (Equation 7-30):

Electrical conductivity (Equation 7-31):

1 1
= 1268 ———=1| 0.5139A4,0 —0.326 |, f Amo 21
o] exp[ (303 Tn{ % } or %

O'm=6m{),HZO=1:|, for O<lio<1

SO3 SO3

Using MATLAB to solve:
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%% Yo Yo Yo %o %o Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 7-1: Modeling the Polymer Electrolyte Layer

% UnitSystem SI

%% Yo Yo Yo %o %o Yo o Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

function [x,y] = fuelcellmembrane
% FUELCELLMEMBRANE Fuel Cell membrane model

% Constants
mc = memconst;

% Set up grid. Assume each layer abuts the

% next one. The state variables are defined at the center of each slice. x is at the
% edge of each slice (like a stair plot).

x = linspace(0,mc.thick,mc.N);

% State variables: c_H20, T, dTdx, pot, P
% Specify the constant boundary conditions at the edges of the membrane
% (scale them to match scaled state vector)

% [T dTdx pot P]
bc_anode = [343 10 0.1 202650.02] ./ [mc.scale_T mc.scale_dTdx mc.scale_pot
mc.scale_P];

% [c_H20]
bc_cathode = [9.5] ./ [mc.scale_c_H20];

% Set up two-point boundary value problem

opts = bvpset(‘Nmax’,150);

x0 = [0 mc.thick];

solinit = bvpinit(x, @meminit,[],x0,bc_anode,bc_cathode);

% Now solve two-point boundary value problem
sol = bvp4c(@memode, @ memboundary,solinit,opts,bc_anode,bc_cathode);

X = sol.x;
y = sol.y’xdiag(mc.scale);

end % of function

%

%

function yi = meminit(x,x0,bc_a,bc_b)

%lnitial condition adapter function for bvpinit.

%Perform linear interpolation between boundary values.

% Initialize to constant values equal to boundary conditions
% State variables: c_H20, T, dTdx, pot, dpotdx, sigma_m, P
yi = [bc_b’;bc_a’];

end % of function
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function res = memboundary(ya,yb,bc_a,bc_b)

%Boundary condition residual

% At the solution we expect y(a) = bc_a, y(b) = bc_b

% bc_a and bc_b are row vectors and ya,yb are columns, so adapt
res = [ya(2:5)-bc_a’; yb(1)-bc_b’];

end % of function

function dydx = memode(x,y,bc_a,bc_b)

%% %o %0 %0 %o %0 Yo %o %o Yo %o Yo Yo o Yo Yo %o Yo o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Polymer Electrolyte Layer

mc = memconst;

% 12345

% State variables: c_H20, T, dTdx, pot, P
c¢_H20 = y(1,:)*mc.scale_c_H20;

T = y(2,:) *mc.scale_T;

dTdx = y(3,:) *mc.scale_dTdx;

pot = y(4,:) *mc.scale_pot;

P = y(5,:) *mc.scale_P;

% left hand side “Mass” matrix
lhs = zeros(5,5,size(y,2));

% Right hand side (non-differential terms)
rhs = zeros(size(y));

% Initial conditions
%o % %o %o %o %Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
[a,]lambda] = icondition(c_H20,T,mc.R);

% Mixture density
rho = mc.M_H .:xmc.c_H + mc.M_H20 .xc_H20; %kgm»3

% Dynamic viscosity of the mixture
mu  =((mc.M_H .xmc.c_H./rho).*mc.mu_H)+((mc.M_H20 .:c_H20./rho) .*mc.mu_
H20); %kg/ms

Y%Molar velocity for the mixture:Darcy
u_m = (-mc.Kkr./mu) .# (P — rho.* mc.g.* cos(mc.theta)); %m/s

%Calculate the initial conductivity at the anode
sigma_m = conductivity(T,lambda);

%% %% %0 %o %o %0 %0 %o %o %0 %o %o %o %0 Ve Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo

% Proton potential
% d(pot) = -i/sigma_m + F/sigma_m=*c_H#*u_m
dpotdx = (-mc.ii2 + mc.F.xmc.c_H.xu_m) ./ sigma_m;
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Ihs(8,4,:) = 1;
rhs(3,:) = dpotdx;

%Energy Conservation: constitutive variable: T
%% %0 %0 %o %o Yo Yo Yo Yo %o %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

D_H20 = dcoe(a,T,lambda); % Diffusion coefficient

[rcp,McpN] = heatcap(mc.rho_dry,mc.cp_m,mc.M_H20,mc.cp_H20,mc.M_H,mc.
c_H,...

mc.c_H20,mc.cp_H,D_H20,lambda,c_H20,dpotdx,T, mc.R, mc.F,u_m,mc.ii2);

Rm = ohmic(mc.ii2,sigma_m);

% Steady state energy conservation

% lamda *d(dTdx) = M#cp*N=*dTdx — Rm
lhs(1,3,:) = lambda;

rhs(1,:) = McpN .xdTdx — Rm;

% d(T) = dTdx;
Ihs(2,2,:) = 1;
rhs(2,:) = dTdx;

% Diffusive flux for water: dependent variable: J_H20

% d(c_H20) = -(J_H20 - 2.5/22 xlambda*i/F)/D_H20

lhs(4,1,:) = 1;

rhs(4,:) = -(mc.J_H20 - 2.5 (lambda/22) * (mc.ii2/mc.F)) ./ D_H20;

%% %0 %o %0 %o %o %o Yo %o Yo %o Yo Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Diffusive flux for hydrogen
% dpotdx = -(J_H*R=*T)/(D_H=*c_H=*F);

J_H = dfluxH2(mc.D_H,mc.c_H,mc.R,T,mc.F,dpotdx); % Fuel Cell membrane
diffusive flux

%% %60 %o %o %o %o %o Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Molar velocity of the mixture
% d(P) = -u_m=>mu /(K*k_rg) + rho*g=*cos(theta)

Ihs(5,5,) = 1;
rhs(5,:) = -u_m:=mu / (mc.Kkr) + rho#mc.g*cos(mc.theta);

%% %0 % %0 %o %o %0 %0 %o %o %0 %o Yo %o %o Yo Yo Yo Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo

% Invert the “Mass” matrix numerically
dydx = zeros(size(rhs));

for i=1:size(rhs,2)

dydx(:,i) = Ihs(:,:,i) \ rhs(:,i);

end

% Scale derivative
dydx = dydx ./ mc.scale’;

end % of function




Modeling the Proton Exchange Structure 189

%% %% %0 %o %o %0 %0 %o %o %0 Yo %o %o %0 Ve Yo %o %o Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo

function const = memconst
%MEMCONST Fuel Cell membrane model constants

% MEMCONST, by itself, returns a structure containing various fuel cell constants

const.N = 10;
const.tfinal = 60;

const.F = 96485.338 3;
const.R = 8.314472;
const.P_tot = 101 325.01;
const.mw_H20 = 18.0152;
const.mu_H2 = 8.6e-6;
const.mu_air = 8.6e-6;
const.c_H = 1.2e-3;
const.b = 0.0126;
const.D_H = 4.5e-5;
const.rho_dry = 2000;
const.M_mem = 1.1;
const.cp_m = 852.63;
const.M_H20 = 18e-3;
const.cp_H20 = 4190;
const.M_H = 1e-3;
const.cp_H = 20630;
const.mu_H = 98.8e-7;
const.rho_H20 = 972;
const.g = 9.81;
const.mu_H20 = 8.91e-4;
const.theta = 90;
const.thick = 0.00005;
const.s = 0.02;

const.ii2 = 0.6;

const.Kkr = 1.8e-18;
const.J_H20 = 0;
const.c_H20 = 9.5;

% Number points within membrane layer
% Simulation time(s)

% Faraday’s Constant (coulomb/mole)

% ldeal gas constant (J/K-mol)

% Outside pressure (1 atm)

% Molecular weight of water

% Viscosity of wet hydrogen (Pa-s)

% Viscosity of air (Pa-s)

% Mass conservation for the protons (mol/mA3)

% Proton Diffusivity (cm/2/s)

% Density of membrane (kg/m/3)

% Molecular weight of membrane (kg/mol SO3)
% Specific Heat of membrane (J/kgK)

% Molecular weight of water (kg/mol)

% Specific heat of water (J/kgK)

% Molecular weight of hydrogen (kg/mol)
% Specific Heat of Hydrogen (J/kgK)

% Viscosity of hydrogen (kg/ms)

% Density of Hydrogen (kg/mA3)

% gravitational constant (m/s”2)

% Viscosity of water (kg/ms)

% degrees

% thickness (m)

% saturation ratio

% current density in membrane at node
% Kxkr mA2

% Water flux

% Initial cathode water concentration

% Scaling factor for state variables

const.scale_c_H20 = 10/\4;

const.scale_T = 10M\1;
const.scale_dTdx = 10/2;
const.scale_pot = 1;
const.scale_P = 10/M;

const.scale = [const.scale_c_H20, const.scale_T, const.scale_dTdx, const.scale_

pot, const.scale_P]J;

% Constants for the activity of the water molecules

const.c1 = -41956¢e4;
const.c2 = 139968e3;
const.c3 = 382482¢€6;
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const.c4 = 251739e3;
const.c5 = 419904€6;

%% %% %0 %o %o %o %o Yo %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo %o %0 Y0 Yo Yo Yo Yo Yo Yo Yo %o %o

function [a,lambda] = icondition(c_H20,T,R)
% ICONDITION Fuel Cell initial conditions
% ICONDITION returns the water activity and lambda

if c_H20 < 10
5=

elseif (c_H20 >= 10)
s =0.5;

elseif (c_H20 >= 14.5)
s=1;

end

a = ((R+T) / psat(T)) *c_H20 + (2x*s);

% Water uptake as a function of activity at the anode boundary
if (a>=0) && (a <= 1))

lambda = 0.043+(17.81 x (a))-(39.85 * (a"2))+(36 * (a"3));
elseif ((a > 1) && (a <= 3))

lambda = 14 + 1.4x(a — 1);
elseif a > 3

lambda = 16.8;
end

%% %% %0 %o %o %o %o %o %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo %o %0 Y0 Yo Yo Yo Yo Yo Yo Yo %o Yo

function sigma = conductivity(T,lambda)
% CONDUCTIVITY Fuel Cell conductivity
% CONDUCTIVITY returns the conductivity of the membrane

%Electrical conductivity
if lambda >=1
sigma = 100:*exp(1268:((1/303)-(1/T))) * (0.5139*lambda-0.326); %Membrane
Electrical conductivity (ohm/m)
else
lambda = 1;
sigma = 100*exp(1268 * ((1/303)-(1/T))) * (0.5139 * lambda-0.326);
end

%% %% %0 %o %o %0 %0 %o %o %0 Yo Yo %o %0 Ve Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo

function D_H20 = dcoe(a,T,lambda)
% DCOE Fuel Cell diffusion coefficient
% DCOE returns the diffusion coefficient of water in the membrane

% Diffusion coefficient at 303 K
if lambda <= 1.23 % m”"2/s
D = 2.642276e-13 *lambda;




Modeling the Proton Exchange Structure 191

elseif (lambda > 1.23)& (lambda <= 6)
D = 7.5e-11 *lambda-9.5e-11;
elseif (lambda > 6) & (lambda <= 14)
D = 2.5625e-11 *lambda+2.1625e-10;
else % lambda > 14
D=1;
end

%Diffusion coefficient
D_H20 = D= (exp(2416+((1/303)-(1/T))) *lambda* (1/a)*(1/(17.81 — 78.9xa +
108 an2))); % m/s

%% %% %0 %o %o %o %o Yo %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo %o %0 Yo Yo Yo Yo Yo Yo Yo Yo %o Yo

function [rcp,McpN] = heatcap(rho_dry,cp_m,M_H20,cp_H20,M_H,c_H,c_H20_
a,cp_H,D_H20,lambda,dcH20_dx,dpot_dx,T, R, F, um,ii2)

% HEATCAP Fuel Cell heat capacity of the phase mixture

% HEATCAP returns the heat capacity of the phase mixture in the membrane

% Heat capacity of the phase mixture: dependent variables: rho*cp, and M*cp*N

rcp = rho_dry=cp_m + M_H20*c_H20_a=*cp_H20 + M_H:*c_H*cp_H; % rho*cp
J/mA3KA-1

McpN = M_H20 *cp_H20 * (c_H20_a-D_H20 *dcH20_dx + 2.5:* (lambda/
22)x (ii2/F))+ . .. M_H=*cp_H#*(c_H*um -((F/(R*T))*mc.D_H*c_H*dpot_dx));
% M=xcp N W/mA2K

%% % %o %o %o %o %o Yo %o Yo %o Yo Yoo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
function Rm = ohmic(ii2,sigma)

% OHMIC Fuel cell ohmic losses
% DFLUX returns the fuel cell ohmic losses

% Membrane Ohmic Loss
Rm = ii2/2 / sigma; % W/mA3

Yo% Y6 %o %o Yo Ve Yo Yo Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
function J_H2 = dfluxH2(D_H,c_H,R,T,F,dpot_dx)

%DFLUX Fuel Cell membrane diffusive flux
% DFLUX returns the diffusive flux of water in the membrane

% Diffusive flux for hydrogen
J_H2 = -(F /(R*T))*D_H=*c_H *dpot_dx; % mol/m"2s

%% %o %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Plot results
% Type ‘load results’ before running this

% X — position in membrane
% y — state variables: c_H20, T, dTdx, pot, P
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subplot(4,1,1), plot(x,y(:,1)), ylabel(‘c_{H_20Y})
subplot(4,1,2), plot(x,y(:,2)), ylabel(‘T")
subplot(4,1,3), plot(x,y(:,4)), ylabel(‘pot’)
subplot(4,1,4), plot(x,y(:,5)), ylabel(‘P’)
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FIGURE 7-6. Plots of the state variables for Example 7-1.

Figure 7-6 shown the plots for the state variables for Example 7-1.

Chapter Summary

The electrolyte layer must be a good proton conductor, chemically stable,
and able to withstand the temperatures and compression forces of the fuel
cell stack. Accurately modeling the PEM layer can help improve the prop-
erties of future membrane materials. There are many types of PEM models,
and choosing the right one depends upon the end goals and resources avail-
able. In order to have an accurate model, mass, energy, and charge balances
must be written for the fuel cell membrane layer. In addition to these, using
an empirical relationship for membrane water content may save time when
creating a model. The requirements for the membrane include high ionic
conductivity, adequate barrier to the reactants, and chemically and mechan-
ically stable and low electronic conductivity. There are many choices for
the PEM in the fuel cell, and the decision regarding the type chosen must
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depend upon many factors including, most importantly, cost and mass
manufacturing capabilities.

Problems

e Calculate the resistance of the Nafion 115 membrane if the Nafion
conductivity is 0.2 S/cm when 100% saturated.

e Calculate the resistance of the Nafion 115 membrane if the Nafion
conductivity is 0.2 S/cm when 25% saturated.

e Calculate the permeation rate through Nafion 117 if the hydrogen pres-
sure is 200 kPa.

e Calculate the ionic resistance and hydrogen crossover rate for Nafion
1135 if the fuel cell operates at 60°C and 1 atm.

e There are many ways in which Example 7-1 can be improved. List 3
ways that you can improve the model.

Endnotes

[1] Weber, A.Z. and J. Newman. Modeling Transport in Polymer Electrolyte Fuel
cells. Chem. Rev. vol. 104, 2004, pp. 4679-4726.

[2] Ibid.

[3] Springer et al. Polymer electrolyte fuel cell model. J. Electrochem. Soc. Vol.
138, No. 8, 1991, pp. 2334-2342.

[4] Tbid.
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CHAPTER 8

Modeling the Gas
Ditfusion Layers

8.1 Introduction

The gas diffusion layer is between the catalyst layer and the bipolar plates.
In a PEM fuel cell, the catalyst, gas diffusion, and membrane layers (the
membrane electrode assembly (MEA)) are sandwiched between the flow
field plates. The gas diffusion layers (GDL) are the outermost layers of the
MEA. They provide electrical contact between electrodes and the bipolar
plates, and distribute reactants to the catalyst layers. They also allow reac-
tion product water to exit the electrode surface and permit the passage of
water between the electrodes and the flow channels. The gas diffusion layer
provides five functions for a PEM fuel cell:

¢ Electronic conductivity

e Mechanical support for the proton exchange membrane
e Porous media for the catalyst to adhere to

e Reactant access to the catalyst layers

e Product removal from it

Figure 8-1 illustrates the flows into and out of the GDL layer in a PEM fuel
cell. Specific topics covered in this chapter include the following:

¢ Physical description of the gas diffusion layer
¢ Basics of modeling porous media

e Modes of transport in porous media

e Types of models

There have been many approaches taken in modeling the GDL layer,
as shown in Table 8-1. The approach taken depends upon how the rest of
the fuel cell is modeled. There are several types of flow models for porous
media, such as Fick’s diffusion, the Stefan-Maxwell equations, as well as
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FIGURE 8-1. Flows into and out of the gas diffusions layers in the PEM fuel cell.

TABLE 8-1
Equations Used to Model the Gas Diffusion Layer

Model Characteristic Description/Equations

No. of dimensions 1,2, 0r3

Mode of operation Dynamic or steady-state

Phases Gas, liquid, or a combination of gas and liquid

Mass transport Nernst-Planck + Schlogl, Nernst-Planck + drag coefficient,
or Stefan-Maxwell equation

Ion transport Ohm’s law

Energy balance Isothermal or full energy balance

numerous other derivations based upon these equations. This chapter will
describe the basic theory, and commonly used equations for modeling the
fuel cell gas diffusion layer (GDL).

8.2 Physical Description of the Gas Diffusion Layer

Gas diffusion backings are made of a porous, electrically conductive mate-
rial. The diffusion media are often composed of either a single gas diffusion
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TABLE 8-2
Properties of Commercially Available Carbon Papers Used as Substrates for PEM
Fuel Cell Electrodes'

Carbon Paper Thickness (mm) Porosity (%) Density (g/cm?®)
Toray TGPH 090 0.30 77 0.45
Kureha E-715 0.35 60 to 80 0.35 to 0.40
Spectracarb 2050A-1041 0.25 60 to 90 0.40

layer or a composite structure of a gas diffusion layer and a microporous
layer. Most models in the literature only include the gas diffusion layers.
The GDL can be treated with a fluoropolymer and carbon black to improve
water management and electrical properties. These material types promote
effective diffusion of the reactant gases to the membrane/electrode assem-
bly. The structure allows the gas to spread out as it diffuses to maximize
the contact surface area of the catalyst layer membrane. The thicknesses
of various gas diffusion materials vary between 0.0017 and 0.04 cm, the
density varies between 0.21 and 0.73 g/cm?, and the porosity varies between
70% and 80%. The most commonly used GDL materials are carbon cloth
and carbon paper. Properties of some of the commercially available carbon
papers are shown in Table 8-2.

The GDL helps to manage water in PEM fuel cells because it only
allows an appropriate amount of water to contact the membrane/electrode
assembly to keep the membrane humidified. In addition, it promotes the
exit of liquid water from the cathode to help eliminate flooding. This layer
is typically wet-proofed to ensure the pores in the carbon cloth or paper do
not become clogged with water.

Many treatments exist for the gas diffusion layer. Most of these treat-
ments are used to make the diffusion media hydrophobic to avoid flooding
in the fuel cell. Either the anode or the cathode diffusion media, or both,
can be PTFE treated. The diffusion material is dipped into a 5% to 30%
PTFE solution, followed by drying and sintering. The interface with the
catalyst layer can be fitted with a coating or microporous layer to ensure
better electrical contact and efficient water transport in and out of the dif-
fusion layer. This layer consists of carbon or graphite particles mixed with
PTFE binder. The resulting pores are between 0.1 and 0.5 microns (um) and
are, therefore, much smaller than the pore size of the carbon fiber papers.

8.3 Basics of Modeling Porous Media

When considering the type of model to use for porous media, there are two
main theoretical choices: (1) the motion of gas molecules through the pores
of the media; or (2) the interaction of the molecules of gas and solid. If the
substrate has large pores, it is intuitive to think in terms of the fraction of
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the media available for gas transport. Conversely, when the pore size in the
substrate is very fine, and the size of the gas molecules and solid particles
becomes comparable, the second option is used. These two options com-
prise the two main theories of modeling porous media. This section intro-
duces the concepts such as pore structure, fluid properties, capillary and
permeability needed in order to understand the basics of modeling of porous
media.

8.3.1 Pore Structure

A porous medium generally consists of solid matrix and pore space. The
description of the microscopic structure of pore space is difficult due to its
geometrical complexity. There is typically a large network of pores com-
municating through relatively narrow constrictions. Since the shape of an
actual pore is quite irregular, approximations of pore shape with regular
geometries, such as cube, sphere, etc., are commonly made in theoretical
studies to study the effect of pore structure. After the geometry of the pore
structure has been specified, surface areas and volumes of the pores can be
calculated.

8.3.2 Fluid Properties

The void space in the porous medium is assumed to be filled with the dif-
ferent phases. The volume fraction occupied by each phase is the saturation
of that phase. Therefore, the total fraction of all phases is equal to one:

Y si=1 (8-1)

allphases

The two phases that are usually considered are the liquid (1) and gaseous
(g) phases. Each phase contains one or more components. The mass fraction
of component i in phase k is denoted by cj.. In each of the phases, the mass
fractions should add up to unity, so that for N different components:

icig:icilzl (8-2)

If a density p and a viscosity u are functions of phase pressure
pili = g 1), and the composition of each phase, then:

Ps = pg(pgrcg)/ He = .Ug(Pg/Cg) (8'3)

The liquid density and a viscosity for the liquid plate can be written in a
similar manner.
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8.3.3 Capillarity

Capillary pressure is defined as the pressure difference between two immis-
cible fluids at equilibrium within the pore space, which can be expressed
as:

Pe =P — Pc (8-4)

where pc is the pressure of the gas phase, and p; is the pressure of the liquid
phase. Capillary pressure involves the interfacial tension and the interfacial
curvature in Laplace’s equation:

P-y(3+] (8-5)
L 5
where y is the interfacial tension, and the curvature of the interface is
characterized by two principal radii of the curved surface r; and r,. The
principal curvature radii at a point on the interface lie on two planes per-
pendicular to each other and intersect at the point.
In a cylindrical capillary tube, capillary pressure is given by

2y cosO
po=-=L=C (8-6)

where r is the radius of the tube and 6 is the contact angle. However, the
geometry of pores in porous media is more complex, and tortuous paths are
often used to represent channels in porous media. An expression of capillary
pressure for an interface in a tube with rectangular cross-section is:

v 0+cos20—%—sin0cose
pc:E (8'7)
‘ cos@—\/Z—9+sin90039

for i, j = g, 1. Although other dependencies are reported, it is usually
assumed that the capillary pressure is a function of the saturations only.

8.3.4 Permeability

The (absolute) permeability is a measure of the material’s ability to trans-
mit a single fluid at certain conditions. Since the orientation and inter-
connection of the pores are essential for flow, the permeability is not
necessarily proportional to the porosity, but permeability (K) is normally
strongly correlated to pore void fraction (¢).

In macroscale modeling, it is assumed that all phases may be pres-
ent at the same location—although the phases do not actually mix. The
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permeability of one phase depends upon the saturation conditions and
interaction with the substrate at a specific location. A property called rela-
tive permeability, denoted by kr;, were i is g or 1, describes how one phase
flows in the presence of the others. The effective permeability, k, is used
to define the relative permeability, k.:

k = k&g, (8-8)

where kg, is the saturated permeability, or the permeability at complete
saturation, of the medium. k. depends only on the structure of the
medium.

Relative permeabilities are nonlinear functions of the saturations,
therefore, the sum of the relative permeabilities at a specific location (with
a specific composition) is not necessarily equal to one. Relative permeabil-
ities can depend on the pore-size distribution, the fluid viscosity, and the
interfacial forces between the fluids.

8.4 Modes of Transport in Porous Media

There are several mechanisms by which mass transport can occur in porous
media. There are four main modes of transport depending upon the mole-
cule acceleration and environment. The distinctions given here are some-
what arbitrary—but they represent an attempt to group molecules into
distinct categories to help facilitate physical understanding and modeling.
The four main types of transport are as follows:

e Free Molecule or Knudsen Flow: This occurs when the length
between molecules is very small, or the species density is low. The
collisions between molecules can be ignored in comparison with
collisions of molecules with the walls of the porous media.

¢ Viscous Flow (Bulk/Continuum Flow): The gas acts as a continuum
fluid driven by a pressure gradient, and collisions between mole-
cules dominate over collisions between the molecules and the
wall.

e Ordinary (Continuum) Diffusion: The different species of a mixture
move relative to each other under the influence of concentration,
temperature, or other external force gradients. Collisions between
molecules dominate ordinary diffusion.

e Surface Flow: The molecules move along a solid surface in an
adsorbed layer. This mechanism is assumed independent of the
others. It can be integrated into a model with the three other mech-
anisms in order to give more accurate results.

If the mean-free-path of a molecule is less than 0.01 times the pore
radius, ordinary diffusion dominates. If the mean-free-path is greater than
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10 times the pore radius, Knudsen diffusion dominates. This implies that
Knudsen diffusion should be considered if the pore radius is less than about
0.5 um. The typical gas diffusion layer has pores between 0.5 and 20 ym in
radius, and a microporous layer contains pores between 0.05 and 2. There-
fore, depending upon the material used, Knudsen diffusion may not have
to be considered in gas diffusion layers, but it should be accounted for in
microporous and catalyst layers.

8.4.1 Free Molecule (Knudsen) Flow in Porous Media

Knudsen or free molecule flow is where gas molecules collide more with
the walls of the container than with the other gas molecules. This occurs
when the mean-free-path of the gas molecules is approximately the length
scale of the container, or there are very low gas densities (which means
large mean-free-paths). In free molecule flow, there is no distinction between
flow and diffusion (which are continuum phenomena), and gas composition
is not important since there is no interaction between gas molecules of the
same or different species.

For a gas with molecular density n, the Knudsen molar flux can be

expressed as:
2 8RT (dc
=3 () 8

where r is the radius, R is the ideal gas constant, T is the temperature, M
is the molar mass of the gas, and dc/dz is the rate of change of gas concen-
tration. The Knudsen diffusion coefficient Dy for flow in a cylindrical long
straight pore with diffuse scattering is:

DKZ(%I) 8RT (8-10)
3 ™

When geometries other than cylindrical are used, Equation 8-10 can
be used with different geometrical parameters. Knudsen flow through
porous media can be modeled using Equation 8-10 with the single-pore
diffusion coefficient replaced with a porous medium diffusion coefficient
defined as:

)
DK,porousﬁmedium = ; DKsinglefphase (8' 11 )

where ¢ is the porosity, and 7 is the tortuosity, which is typically incorpo-
rated into the value of Ko. The porosity can be defined as:
V.
E =
V, +V

(8-12)
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where V, is the volume of the voids and V, is the volume fraction of solids.
If modeling the liquid water in the GDL is neglected, then &; is set to the
value of the bulk porosity of the medium, g. Tortuosity is accounted for
in GDL models by using a Bruggeman expression:

T=¢g9%" (8-13)

Although Equation 8-13 is a good estimation for tortuosity, it can
sometimes underpredict the tortuosity at low porosities.

8.4.2 Viscous (Darcy) Flow in Porous Media

Viscous (Darcy) flow refers to flow in the laminar continuum regimen that
is caused by a pressure gradient. The gas behavior is determined by the
coefficient of viscosity, which is independent of pressure for gases. Since
bulk flow does not separate the components of gas mixtures, mixtures of
different gasses can be treated in the same manner as a pure gas. Under
laminar flow conditions, the single-phase flow of incompressible fluids in
porous media is governed by Darcy’s law:

V=-2(vp_pg) (8-14)
u

where V is the Darcy velocity, K is the absolute permeability, u is the
dynamic viscosity of the fluid, VP is the pressure gradient, and p is the fluid
density.

For a porous medium with multiphase flow, the relative permeability
of fluid i, K,;, is defined as:

Kri =

- (8-15

where K; is the effective permeability of fluid i and Equation 8-14 can be
written as

V=K gp_ o (8-16)
u

where the subscript i denotes fluid i.

A transport equation for the viscous flux of gases can be obtained by
applying Newton’s second law to an element of compressible fluid, as
shown in Figure 8-2.

From this derivation, the total viscous flux per unit area for cylindri-
cal passages is:
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FIGURE 8-2. Forces acting on fluid element.
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(8-17)

where R is the radius of the cylinder, n is the compressibility of the fluid
calculated using the ideal gas equation of state: n = p/KT, and dp/dx is the
pressure change in the x direction.

When a different geometry is used, equations can be derived of the
same form, but with different geometrical parameters. The general equa-
tion that can be used is often defined as:

]visc:_ VP (8-18)

where B, is called the “viscous flow parameter” (the Knudsen flow param-
eter), which must be selected to represent the geometry of a particular
problem. For example, B, for straight circular capillaries of radius R is By =
R,/8.

Viscous flow parameters are usually obtained from empirical data
since the geometry of porous media is complex. The viscous flow through
porous media can be modeled using Equation 8-18 with the single-pore
viscous flow parameter replaced with a porous medium parameter defined
as:

I
BO,pm: ?BO,pd (8_19)

where € is the porosity, 7is the tortuosity, and By q is the single mean pore
diameter.
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In rigorous derivations, the tortuosity factor is often squared in order
to correct for the path along the pore to across the medium.

Combining Equations 8-18 and 8-19 the value of By for the porous
medium is:

Visc: _nBO,pl’n Vp (8—20)
u

A more rigorous method of determining the viscous flow parameter
uses the concept of porosity and tortuosity, but also takes into account the
variation of surface area of pores. This is critical since viscous flow is
dependent on the interaction of pore walls and gas flow.

The relationship for calculating B, is:

By pm = e 1 (8-21)
M (1—e KIS/VLP

where S is the total surface area per unit volume, V; is the volume fraction

of solids, ¢ is the porosity, and k = 27, and is called the Kozeny function

(which is usually about 5). The Kozeny function allows the inclusion of

the extra tortuosity factor.

8.4.3 Ordinary (Continuum) Diffusion in Porous Media

Ordinary diffusion is the most common diffusion mechanism. For binary
mixtures, the species diffusive flux is directly proportional to its concentra-
tion gradient:

Jip = -D1nVn, (8-22)
Jop = =DV, (8-23)

where J,D + J,D = JD = 0 is the zero net diffusive flux. Therefore, D;, = D,,.
In multicomponent mixtures, the fluxes of all of the species are important
to consider since they affect the diffusive transport of any one species. This
is because the momentum transferred to any one species will depend on
the relative motion of all other species. For multicomponent mixtures, the
Stefan-Maxwell equation can be used:

_ < (Xi]iD - Xi]iD)
nVx, = Z‘{{—Dﬁ } (8-24)

The Stefan-Maxwell equation gives the transport equation in terms of
fluxes of species concentrations. However, the species fluxes in terms of
concentrations are needed. Therefore, the equations must be inverted at
great computational expense. Although the equation can be inverted, many
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Fickian (binary diffusion) approximations have been developed for use
instead of the Stefan-Maxwell (multicomponent) transport equations to
avoid the computational cost.

It is possible to use Fick’s binary law of diffusion to yield the flux of
a single species in terms of the concentration gradients of the other species.
However, the diffusion coefficients are not the same as the binary diffusion
coefficients in the resulting equation:

Ii = —Dﬂan - Dizvnz el Dikvnk (8-25)

This equation is actually a form of the inverse Stefan-Maxwell equa-
tion, and the Fickian multicomponent diffusion coefficients are representa-
tive of the gas mixture mole fractions and binary diffusion coefficients.

Diffusion through porous media can be modeled using Equation 8-24
with the free gas diffusion coefficient replaced with a porous diffusion coef-
ficient defined as:

£
Di]',porous = ;Dij,free (8-26)

€ . . .
where — is the porosity-tortuosity factor.
T

8.4.4 Combining Transport Mechanisms for Binary Mixtures

In order to determine how the fluxes are related, the free molecule and
continuum diffusive fluxes for one species of a binary mixture are:

Jik = -DnVn, (8-27)
]ID = _D12Vn1 + XIID (8'28)

which can be rewritten using the ideal gas law (p = nkT) as:

D
Jix = ——ki[l‘( Vn, (8-29)
D
Jip= _k_l"lfvnl +XiJp (8-30)

If the first species is not accelerating, then the average momentum
transferred to it through collisions with the walls must be balanced by the
force acting on molecules due to the partial pressure gradient. Since Knudsen
flow describes collisions between molecules and the wall, and ordinary
diffusion describes collisions between molecules, Equations 8-29 and 8-30
can be rewritten as:
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kT

_Vpl(wall) == D Jix (8-31)
1K
kT
—VDimolecules) = —D—(]m -xiJp) (8-32)
12

The total partial pressure in the gas mixture is due to both Knudsen
and ordinary diffusion, therefore:

kT kT
—VP1=—D—1K]1K+[§—12(]1D—XJD) (8-33)

This formula is valid for the diffusion of one component of a binary
mixture, and is valid for the entire pressure range between the free mole-
cule limit and the continuum limit.

Incorporating the viscous flow into the model is also additive because
there are no viscous terms in the other diffusion equations. The indepen-
dence is valid for any isotropic system, and is sometimes referred to as
Curie’s theorem. As first shown by Equation 8-18 the viscous flux is
described by:

]visc == VP (8-34)

The surface flux can also be added to the total flux equation due to
experimental evidence. The surface flux is described by:

Jis = -DisVn, (8-35)
Therefore, the total flux of one species is given by:
Ji =Tip + Jivise + Jis = Jip + XiJivise + J1s (8-36)
and the total flux is:
J=Ti+]=Tp+ Juisc + Js (8-37)

After substituting Equations 8-30, 8-33, and 8-34 into 8-37, and
rearranging:

1 ( 1 1 ) X X 1 1 X,
-——Vp=|—+ I __I__]visc_(_+ )Is__]s
kT P Dix D ' Dy, Dk Dix Dy Dy,
(8-38)
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Ji= —Dl[l + %+ X M}an +x10)] — xlyl[ngo ij + ﬁ%Vp

D, Dy, kT Dy,
(8-39)
where
1_ 1,1 5 D _ Dy
D, Dk Dp D, Di+Dy (8-40)
’}/1:&:—]:)12 21—51
Dix D +Dyp,

The resulting mass transport equation contains all four mass transport
mechanisms. If certain types of diffusion are dropped from this equation,
one should be able to obtain many widely used mass transport formulae.
If the surface diffusion is considered negligible, the equation will be simpli-
fied considerably:

B
Jis=-D,Vn, +x,8,] —xlyl(nuo ij (8-41)

If the pores of the porous media are significantly larger than the mean-
free-path of the gases, the Knudsen term will be negligible, therefore:

Ji = -Dy,Vn; + x4 (8-42)

When the Knudsen term is dropped, the second viscous flow term will
also be dropped. This is because there will be no collisions with the pore
wall, and no viscous shear forces transmitted through the gas from the
walls.

If the pores are much smaller than the mean-free-path, continuum
diffusion will be negligible. In this case:

nB
]1:—D1kV1'11—X11( nojVP (8-43)

In the absence of a pressure difference, the equation reduces to the
definition of Knudsen diffusion. Inclusion of the pressure drop is more
involved. Any pressure drop present must be due to Knudsen collisions
since there is no local pressure drop due to gas—-gas molecular collisions. If
the pore size is intermediate, both ordinary and Knudsen diffusion will be
significant. In the absence of a pressure drop, the equation can be written
as:

11 = —DIan + X161] (8-44)
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If there is zero net flux, then:

1 17!
=-D.Vn, =-— + Vn 8-45
= -D\Vn, [Dm DIJ (8-45)

where D, is the multimechanism diffusion coefficient, which is valid for
ordinary and Knudsen diffusion. This expression is known as the Bosanquet
formula.

8.5 Types of Models

Porous media models are abundant in the literature, but there are only a
few gas diffusion layer models for fuel cells that treat these layers in a
rigorous manner. As mentioned in Section 8.3, GDL models focus on either
the flow through the substrate (the pores), or the interaction of the solid
substrate with the molecules. When the modeling focus is on the pores in
the substrate, either Fick’s diffusion law (for one-component diffusion
through a homogeneous medium) or the Stefan-Maxwell equations (for
multicomponent gas diffusion) can be used. The interaction of the gas and
solid, (or more commonly known as the Dusty Gas Model) is derived by
applying kinetic theory to the interaction of both gas-gas and gas-solid
molecules, with the porous media treated as “dust” in the gas. The Fickian
diffusion model is computationally much simpler than the Stefan-Maxwell
formulation, but cannot be used for multicomponent mixtures (unless a
binary mixture approximation or tertiary diffusion coefficients are used).
In addition, these models either consider just the gas or liquid phase, or
include both. Table 8-3 gives a brief description of the main types of GDL
models in the literature.

Besides the gas and liquid transport described in the first few sections
of this chapter, other important properties of the GDL layers are the elec-
tronic conduction and the evaporation/condensation of the gas/liquid in
the GDL. The governing equations for the GDL are shown in Table 8-4.

TABLE 8-3

Types of Gas Diffusion Layer Models in the Literature

Type of Model Description

Gas phase models Gas phase models assumes that there is only the gas
phase flow in the GDL.

Liquid phase models Liquid phase models assumes that there is only the
liquid phase flow in the GDL.

Two-phase flow models Two-phase flow models describe how gas and liquid

interact in a porous medium.




Modeling the Gas Diffusion Layers 211

TABLE 8-4

Fuel Cell Gas Diffusion Layer Variables and Equations

Variable Equation Equation No.

Overall liquid water flux (N) Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Overall membrane water flux (Ny)  Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Gas phase component flux (Ng ) Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Gas phase component partial Stefan-Maxwell 5-63

pressure (pe)

Liquid pressure (Py) Darcy’s law 8-52

Electronic phase current density (i,) Ohm’s law 8-46, 9-2, 9-20

Electronic phase potential (@) Charge balance 8-46

Temperature (T) Energy balance Chapter 6 equations

Total gas pressure (pg) Darcy’s law 8-50

Liquid saturation (S) Saturation relation 8-54

8.5.1 Conductivity

Most models neglect conductivity calculations, since the GDL layer is
made of carbon. However, a rigorous model should include this calculation
since it can become a limiting factor due to geometry or composition.
Ohm’s law can be used to take this into account:

j-l = —GOS{‘BVq)l (8-46)

where g and oy are the volume fraction and electrical conductivity, respec-
tively. The Bruggeman correction is used in Equation 8-46 to account for
porosity and tortuosity. Since the GDL is often coated with Teflon to
promote hydrophobicity, carbon is the conducting phase and the Teflon is
insulating.

8.5.2 Evaporation/Condensation

Depending upon the local temperatures, pressures, and saturation condi-
tions, water can evaporate or condense in the GDL layer. These reactions
are often modeled by an expression that is similar to:

revap = krnaG/L(pw - p:fvap (8-47)

where 1., is the molar rate of evaporation per unit volume, k,, is a mass-
transfer coefficient per unit interfacial surface area, ag; is the interfacial
gas/liquid surface area per unit volume, p,, is the partial pressure of water
in the gas phase, and p¥® is the vapor pressure of water, which can be cor-
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rected for pore effects by the Kelvin equation. There are several models in
the literature that use an interfacial area that depends upon the water
content of the GDL. Usually, the gas is assumed to be saturated if any
liquid water exists. In a rigorous GDL model, both gas and liquid transport
should be included.

8.5.3 Gas Phase Transport

Most models use the Stefan-Maxwell equations for gas phase transport in
the fuel cell GDL layers. This equation is written using more common
notation the Equation 8-22:

XN, —xN;
VXi = Z(:]Tef; (8-48)
j#i Ti,j

where cris the total concentration or molar density of all of the gas species,
x; is the mole fraction of species i, and DS is the effective binary interac-
tion parameter between i and j, by the Onsager reciprocal relationships,
D5 = D¢ for ideal gases.

Knudsen diffusion has been taken into consideration in a few models
in the literature (see Section 8.4.1). Knudsen diffusion and Stefan-Maxwell
diffusion can be treated as mass-transport resistances in series, and are
combined to yield:

N; z X Nj —x;N;

in = —
eff eff
crDxg; j#i crDf}

(8-49)

where the D§' is the effective Knudsen diffusion coefficient. The porous
media itself constitutes another species with zero velocity with which the
diffusing species interact.

While most models treat gas phase flow as purely due to diffusion, some
models take into account convection in the gas phase (see Section 8.4.2).
This is usually done by the addition of Darcy’s law for the gas phase:

Vo = -Xe vp. (8-50)
HUg

where k is the effective permeability. The above relation can be made
into a flux by multiplying it by the total concentration of the gas species.
One way to include the effect of gas phase pressure-driven flow is to use
Equation 8-50 as a separate momentum equation. Another way to include
pressure-driven flow is to incorporate the Equation 8-50 into Equation 8-49,
as per the Dusty Gas model:

, N —x:N.: _
Vx; = Xikg Vpc+zx’ XN N

- - (8-51)
Difuc = cDff crDE
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However, using this equation is not necessarily the best method of
incorporating velocity into the model. Instead, one of the Stefan-Maxwell
equations should be replaced by Equation 8-51 because it is the summation
of the mass velocities of the gas species. There are many models that incor-
porate gas phase pressure-driven flow in the diffusion media, however, it
is unknown how significant this effect is. Most modeling results show that
the pressure difference through the fuel cell is minimal, and the assumption
of uniform gas pressure is acceptable for most conditions. However, there
have been some models that do show a small pressure difference that
reduces mass transfer. In addition, the change in pressure may change more
than estimated as the temperature in the fuel cell also changes.

If a model is two or three dimensional, the gas phase pressure needs
to be considered. This is because the pressure difference down a gas channel
is much more significant than that through the fuel cell. When an inter-
digitated flow field design is used (see Chapter 10), the gas-phase pressure-
driven flow needs to be accounted for. In these types of fuel cells, the gas
channels are not continuous through the fuel cell, and gas is forced through
the channels by both convection and diffusion to reach the next gas
channel.

8.5.4 Treatment of Liquid Water

Liquid water has been modeled using several methods in fuel cells. The
simplest way to include liquid water in a GDL model is to treat it as a
solid species that occupies a certain volume fraction. When this method
is used, transport is not considered, and it just decreases the gas phase
volume. This, in turn, decreases the effective diffusion coefficients of the
gas species, and somewhat takes into account flooding. The models that
use this approach usually use the volume fraction of water as a fitting
parameter.

A more sophisticated method of including liquid water is to have a
way in which the model includes the transport of water in the model. These
models assume that the liquid water exists as droplets that are carried along
in the gas stream. Therefore, while evaporation and condensation occur, a
separate liquid phase does not have to be modeled. The liquid is assumed
to be a component of the gas, which usually has little effect on the rest of
the system. An advantage of this type of model over the one previously
described is that it allows for the existence and location of liquid water
to be noted, and to a limited extent the change in the water pressure or
concentration.

In order to model liquid-water flow accurately, two-phase models are
required. Liquid phase transport is similar to the gas phase pressure-driven
flow described above. Since the liquid water is assumed to be pure, there
is no diffusion component for the water movement. Therefore, the flux
form of Darcy’s law models the flow of liquid water:
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k
Ny L=- Vo VpL (8-52)

where V,, is the molar volume of water and all of the properties are valid
for pure water. Many models use Equation 8-52 with a liquid phase volume
fraction. This is a good assumption since there is isolated gas and liquid
pores in the medium. However, this can be improved by adding a type of
transfer between them.

Finally, there are also models that use a phase mixture approach. The
two phases are treated as a single-phase mixture, and all parameters are
calculated for the mixture instead of each phase. This approach does effec-
tively determine the mass flux, but the entire mixture moves at a certain
velocity when in fact each phase may move a different velocities. Despite
this, the models adequately predict water balance in the fuel cell.

8.5.5 Rigorous Two-Phase Flow Models

It is commonly known that gas and liquid interact in a porous medium.
There have been many rigorous models developed in the literature for 2-
phase-porous media during the last few decades. The models that have been
developed for fuel cells are on the simpler end, which makes them easy to
integrate into a fuel cell model, but less accurate. The interaction between
liquid and gas is characterized by a capillary pressure, contact angle, surface
tension, and pore radius, as first mentioned in Section 8.2:

2ycos6
Y

Pc=PL—Pc=- (8-53)

where yis the surface tension of water, r is the pore radius, and 0 is the
internal contact angle that a drop of water forms with a solid. Equation
8-53 relates how liquid water wets the material. For a hydrophilic pore, the
contact angle is 0° < 8 < 90°, and for a hydrophobic one, it is 90° < 6 < 180°.
An important part of the two-phase models is how the liquid saturation is
predicted as a function of position. The saturation, S, is the amount of pore
volume that is filled with liquid:

&c=&(1 - S) (8-54)

From Equation 8-54 one can see that the saturation greatly affects the
effective gas phase diffusion coefficients. Therefore, flooding can be char-
acterized by saturation. In the literature, the saturation is typically calcu-
lated using an empirical relation for the capillary pressure and saturation.

In order to determine the gas and liquid pressures at each control
volume in the diffusion medium, the capillary pressure must be known at
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every position. In typical two-phase flow models, the movement of both
liquid and gas is determined by Darcy’s law for each phase. Equation 8-55
relates the two pressures to each other. Many models use the capillary
pressure as the driving force for the liquid-water flow:

k k k
N, 1= ———Vpp = ———(Vpc + Vpe) = —
CRTa PL Vo (Vpc + Vpe) Vo

Vpc (8-55)

As first mentioned in Section 8.3.4, a useful relation for calculating the
effective permeability, k, is to define a relative permeability, k,,

k = kK, (8-56)

where kg, is the saturated permeability, or the permeability at complete
saturation, of the medium. kg, depends only on the structure of the medium
and has been empirically determined, or estimated, using a Carman-Kozeny
equation.

The addition of gas and water balances completes the set of equations.
The parameters in this model are mixture parameters using capillary
phenomena. Although the mixture moves at a mass-average velocity, the
interfacial drag between the phases and other conditions allows each
separate phase velocity to be determined. The liquid phase velocity is
written as:

" le(l - AL

Vo= oy, ) 19p. + (o1 - po ] (8-57)

PL €0PLVm

where the subscript m stands for the mixture, p, and v are the density and
kinematic viscosity of phase k, respectively, and A, is the relative mobility
of the liquid phase:

ke /vy
A= : 8-58
- ke /vi+kec/ve | |
The mixture velocity is basically determined from Darcy’s law using the
properties of the mixture. This mixture velocity is a major improvement
from the previously described approaches.

8.6 GDL Modeling Example*

This section presents the derivations and modeling for the cathode GDL
of the fuel cell created by Beuscher et al.® The models in* are derived
from multiphase flow in porous media from the hydrogeological literature.
The differences between the GDL layer and the modeling of unsaturated
soils are that the GDL is hydrophobic and soil is hydrophilic, the pore-size
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distributions are different, and the GDL is a nonhomogeneous weave of
carbon fibers. Despite these differences, the hydrogeological models are
quite useful for fuel cell GDL modeling. However, it sometimes may be
difficult to use these models since many properties such as the tempera-
tures, phases, pressure, and the velocity of the species in and surrounding
the GDL are unknown parameters while the fuel cell is operating.

The simplified geometry is shown in Figure 8-3. The dashed lines at
the top of Figure 8-3 illustrate the portion of the channel where the gas is
flowing through. The bottom of the diagram is the catalyst side where heat
and water are added to the system, and gas is absorbed. On the upper
channel sides, gas is added, and heat and water are removed. Since half
of the upper boundary is the solid cathode material, and half is open
channel, the boundary conditions are mixed. The portion where there is no
flux into the cathode has Neumann boundary conditions, and the portion
where there is no liquid water in the channels has Dirichlet boundary
conditions.

The GDL in Figure 8-3 is 4d units long, and h units high. The aspect
ratio is the perturbation parameter, and can be defined as e=h/d << 1. The
lower surface abuts the cathode catalyst layer, and the upper surface is

Concentrations specified No mass fluxor Concentrations specified
T_= Ti pressure gradient 4 T=Tr
high pressure T=Tm y=h Low pressure
_____ - _— .
< >re > :!: >
d d d d
I I
I | I
i region r— m region _—’I r region

I I

I " I

I I

I I

I I

I I

| v | .

Catalyst Side y=0

Positive heat flux, positive vapor flux, negative oxygen flux, no liquid, no pressure gradient

FIGURE 8-3. Division of the gas diffusion layer’.
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open to a channel on the left and right. The center region abuts a graphite
cathode. The channels can be at different pressures, and all quantities are
assumed to be steady-state. The pressure, P, temperature, T, oxygen con-
centration, u, water vapor concentration, v, and liquid-water volume frac-
tion, 6, will be calculated. All of the variables will be functions of 6.

Since the physical process exhibited is the same as in the transport
of groundwater in unsaturated porous media, the governing equation is
Richard’s equation, which gives the moisture velocity (Vy) of liquid and
vapor in porous media. The general form of the equation is:

Vo= -k 6)Vy (8-59)

where ky is the hydraulic conductivity of the GDL to the liquid water,
and V¥ is the moisture potential. The total potential should also have a
gravitational component, but it is disregarded from the Equation 8-59
because there is little liquid water present. The moisture potential should
include all relevant properties of the GDL, such as tortuosity and wetting
potential®,

Since the nonhysterestic case is considered, 6 will be a single-valued
function of 6 only (w = y(0)). Assuming incompressibility (the density of
water is constant), the conservation equation becomes:

V.V,=X (8-60)

where X is the source term introduced to incorporate condensation and
evaporation:

V:(—i4(0)Vy) =X (8-61)

The diffusion coefficient of water can be defined by:
d
Dy(6) = af6) 3 (8-62)

The chain rule of differentiation can be used:
V-[Dy(6)VO] += =0 (8-63)

Evaporation is a temperature-dependent process and is modeled using
Arrhenius’ law:

evaporation o exp (— l}i_fi“) 0 (8-64)
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where E, is the activation energy and R is the gas constant. Condensation
is not a temperature-dependent process, and depends only upon the con-
centration of the water vapor:

condensation e« D (8-65)

Introducing the constant of proportionality, 8, for evaporation and S,
for condensation:

Bo exp(—R—fF)9+ﬂvf)=Z (8-66)
Therefore, this becomes:
V. [Dy(0IV6] - B, exp(—l}i—i})e +BB=0 (8-67)

For the gases (oxygen), either Fickian diffusion, or the Stefan-Maxwell
equation can be used to describe the diffusion processes. Fick’s equation
for diffusion and transport is:

V.(Dy(6)Va-av, =0 (8-68)

where V, is the velocity of the gas phase, and D, is the diffusion coefficient
of oxygen.

In order to model the vapor transport, the evolution of the vapor phase
of water must include convection:

V-[Dy(6)VD -V, ]+ ul[ﬁg exp(—%je + ﬁvf)} =0 (8-69)

where D is the diffusion coefficient of the water vapor, and v, is a normal-
ization factor. The evaporation term produces vapor and the condensation
term removes it.

In order to model the temperature, the following terms must be taken
into account: (1) Fourier’s law for heat conduction, (2) convection, (3) heat
gain due to condensation, and (4) heat loss due to evaporation. Since the
gas and liquid water velocities are small, it is assumed that the thermal
transport from water and gas can be neglected. Therefore:

V- [k(6)VT]+ ng[ﬁe exp(—lli—fr)9+ﬁuf)}=0 (8-70)

where k is the thermal conductivity, p, is the density of liquid water, and
L is the latent heat.
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8.6.1 No Liquid Governing Equations

In the case that there is no liquid, all of the terms due to 0 are neglected.
Also, condensation and evaporation terms drop out of the equations. If the
gas phase convects, the velocity is governed by Darcy’s law:

7= "l gp

V= (8-71)
u

where k;, is the permeability of the GDL to gases and u is the viscosity of
the gas. The permeability x, depends upon 6 because liquid water will
remove the available pore space for the gas. In order to solve for pressure,
the continuity equation can be used:

V.V,=0 (8-72)

V-\L=V-(—MV1~3)=O (8-73]
u

V.Y, = -iv.(;cg(e)vf)) 0 (8-74)

Since 6 has been dropped, «,(6) is a constant:

Kl6)
n

V.VP=0 (8-75)

Equation 8-75 now becomes:

D,-V.(Va) - V-(dV,) =0 (8-76)
(e) o aP ou oP

Vi S8 =0 8-77

Rl o e TR 18-77)

The condensation and evaporation term is dropped because of the no-
liquid assumption.

(0) o0 aP 00 oP
V. LA (Y 8-78
U+ % ax ay oy | )
Equation 8-78 becomes:
V2.T=0 (8-79)

The governing equations and boundary conditions motivate the fol-
lowing dimensionless parameters:
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X y a D T(X, )= T
=2 y=2L uy=— p=—_T — T Tm
P TR A Vi et (x,y) T-T.
27| (P, +P, 18-80)
Plx,y) = x,y)-(P+P)
P +P
Substituting these into the previous equations:
-P, 9P P,-P 9P , 0P 9P
L L—=0 &-5+-5=0 8-81
@ e Ly 18-81)
10 1) «w(P-P)(10a 9P 1 oa P
— 2= b ¥ e R dhahcinii P 8-82
1(d2 3% | hE 95 )+ D, |d2ox 9% WX oy 9y 18-82]
23 2 Y ~Ap
£ [%ﬁ—‘j)weu @ U 0P ou oP)_, (8-83)
ox* 9y 0X 0X 9y 9y
pe, = elPi—B) (8-84)
2uD,

where Pe is the Peclet number for the oxygen. When v is replaced with u,
then:

v v v BP Jdv oP k(P — P,
IV LIV pe |2 P00 OV 9T pe,= K81 8-85
g(ax +8y2j+ ¢ (g ox ox dy 8y) 2uD, | )
Therefore,
(T, -T,) o*r (T1-T.) o*r
1dz 8?4- 1h2 W: (8-86)
hY &r  o°T
(§)3 570 &7
substituting into:
*T 0T
828?4‘?: (8-88)

8.6.2 No Liquid, No Convection, Constant Flux

For the case of no liquid, no convection and constant flux, the transport
will now just be Fickian, and the pressure is constant. Therefore:
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, 0 u, do*u
et Ll (8-89)
2 2
e _§X“+_gy -0 (8-90)
*T 9*T
Zaxz +W: (8-91)

When examining the boundary conditions with constant pressure, the
regions of positive and negative x are symmetric about x = 0. If the region
from -2 < x <0 is used, the boundary conditions are as follows:

0= (8-92)
2 (0,y)= (8-93)
%0,y = (8-94)

At the cathode catalyst layer interface, constant flux is assumed.
Oxygen flow out of the gas diffusion layer, therefore:

Dua_u:_Dua_u(i/O):_Elu (8'95)
on ay

The water vapor and temperature fluxes are given by:

D, 2%(%,0)= -4, (8-96)
dy

Y PR
ke S -(%,0) = ~dr (897
y

Substituting Equation 8-80 into Equations 8-95 through 8-97:

u, du

D,—
h oy

——(x,0)= (8-98)

Ju q.h
Z(x,0)=que, quet=— 8-99
P (x,0)=qu&®, que Dou, (8-99)



222 PEM Fuel Cell Modeling and Simulation Using MATLAB®

Dv%g—;) x,0) = -3, (8-100)
i 01=-0.’ qe= b (8101
ke %%(X,O) ~dr (8-102)
SiR0=ar ar= IR (%T?Tm ) (8-103)

Using € = 0.2 as the perturbation parameter, the dependent variable
can be written as:

T(x,y,€) = Tolx,y) + ofe) (8-104)
Now substituting Equation 8-91 into 8-104:

2 OTy | PTy

> + % +o(g)=0 (8-105)
Then:
*T,
—=0 8-106
= (8-106

Using the following boundary conditions:

oT™ oT oT!
(Ol Y) = OI (XIO) =—-qT, (_2, Y) =0 (8-107)
ox oy ox

Integrating and using the boundary conditions:

JT,
a_yo =—qr, To=-qry+f(x), f[-2)=£f(0)=0 (8-108)

Now the problem has two different regions:
Tix, v)=qr{l —y)+1 -2<x<-1 (8-109)
Tox, y)=aqrll -y) -1<x<0 (8-110)

An interior layer variable is introduced to account for the discontinuity at
x =0:
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x+1 i
z=="— Thy)=qill-y)+Tzy)

where T' is the interior temperature.
Substituting 8-111 into 8-91, 8-103, and 8-86:

*T!  9*T!
_t =
0z  9y?

—qr+ %—Tyi(z, 0)=-qr

aa—FS(z, 0)=0

Tiz,1)=1 z<0

TYz,1)=0 z>0

Now matching the outer solution:
qr(l = y) + T(~ee, y) = T(-17, y) = qrf1 — y) + 1
T{eo, y) =1
qr(l = y) + T'l=eo, y) = T™(-1%, y) = qz(1 — y)

Ti(eo, y) =0

A set of transformations are now introduced:

. -1 1 1.
ti=z+iy, f=exp(r-fi), f= fi+1 , f4=§+531n71(fs)
The solution is then:

T = Rf,

(8-111)

(8-112)

(8-113)

(8-114)

(8-115)

(8-116)

(8-117)

(8-118)

(8-119)

(8-120)

(8-121)

(8-122)

Example 8-1 illustrates modeling the temperature in the interior layer

wing MATLAB:
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EXAMPLE 8-1: Modeling the Temperature in the Interior Layer

Create a three-dimensional plot in MATLAB for the temperature of the
interior layer using the equations derived in this section.

Using MATLAB to solve:

%% %0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% EXAMPLE 8-1: Modeling the Temperature in the

Interior Layer

% UnitSystem Sl

%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

clear all
clc
format rat

% Define the parameters
eps = 0.2; % Perturbation Parameter
% Define the number of grid points in x and y direction

% nx = number of grid points in x direction
% ny = number of grid points in y direction
nx = 201;
ny = 201;

% Define the dimension of the domain

Lx = 1.6; % Length in x of the computation region
Ly = 1.0; % Length in y of the computation region

% Calculate the mesh size

hx = Lx/(nx-1); % Grid spacing in x
hy = Ly/(ny-1); % Grid spacing in y

% Generate the mesh/grid

x(1) = -1.8;

y(1) = 0.0;

for k = 2:nx
X(K)=x(k-1)+hx;

end

for j = 2:ny

y(i)=y(j-1)+hy;
end
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% Inner Layer Variable

z = (x+1.0)/eps;

[Z,Y] = meshgrid(z,y);

% Now determine the functions

f1 = complex(Z,Y);

f2 = exp((pi*f1));

f3 = (f2-1.0)./(f2+1.0);

f4 = (1.0/2.0)-(1.0/pi) * (asin(f3));

% Inner Variable
Ti = real(f4);
% Make a 3D plot of Ti

figure
surf(Z,Y,Ti,'EdgeColor’,'none’)
set(gca,'DataAspectRatio’,[1 1 1])
axis([-4.04.00 1 0 1])
view(-35,32)

xlabel(‘ z )

ylabel(‘ y )

zlabel(‘ Ti(z,y) ’)

print -djpeg Tinteriorlayer

The plot for the temperature in the interior layer is shown in Figure 8-4.

The derivation of the oxygen concentration is analogous to the tem-
perature derivation. Substituting Equation 8-89 into an equation similar to
8-104:

az
_8;120 - (8-123)
For the left region:
1
I (¢ 0= que (8-124]
dy
Integrating once:
o _ fix) (8-125)
dy

Now the problem has two different regions:
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FIGURE 8-4. Three-dimensional plot of the temperature in the interior layer’.

Tx, y)=1-que}l -y) 2<x<-1 (8-126)
u™(x, y, & = uf(x, y) + £u(x, y) +o(l) -1<x<0 (8-127)
Substituting Equation 8-127 into 8-89 and 8-99:

o P{ug +up) | Plup+up)

2 - 0 (8-128)
8;%“:0 (8-129)
—%: a;%fn (8-130)
a;sn (x,0)=0 (8-131)
i, 04, 8-132)

Now matching the outer solution:

ug(-1,y)=1 (8-133)
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g _ g (8-134)
dy
uf = fo(x) (8-135)
The boundary conditions are:
fol-1) =1, £0) =0 (8-136)

Substituting Equation 8-135 into Equation 8-130 and 8-132:

oruy

L 8-137)
N Kixlly-1 8-138)
dy

duf (x,0)=~{{(x) = qu (8-139)

dy

Continuing to simplify:
o = qux (8-140)
1 _ 2

wply)=h=1-a 5% (8-141)

Substituting after integrating:

y2

uy'(x,y) = qu(y - 7) +h(x) (8-142)

where f,(x) is determined from the next order in the perturbation expansion.
If £ — 0 in the solutions, then:

ulx, y) =1+ eul(z, y) (8-143)
Taking € — 0, and substituting 8-143 into 8-89 and 8-99:

2.1 2,41
aa‘i +%uz =0 (8-144)
2> Jy

W 0)=0 (8-145)
dy
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1 +eulz,1)=1 z<0
u(z, 1)=0
MW )=0 250
dy
Now matching the outer solution:

1 + eul(~eo, y) = ul{-17, y) = 1 + O[&)

ui(—oo, Y) =0
ou' ou™
[ = — —1_
> (oo, V) ax (~17,y)
ou' (oo, y) =
aZ /y - qu

(8-146)

(8-147)

(8-148)

(8-149)

(8150

(8-151)

(8-152)

The solutions for water vapor concentration are again analogous to

those computed for T and u:

ViX, y)=1+q&(l-y) -2<x<-1

1-x?
1-)(IJH(X/ y)=1_qv( 9 )

vy(x, y)= qu(y - %2) +8(x]

vx, y) =1+ eviz, y)
™! N '
oz = Jy*

ov'!
Y 1z, 0/=0
P (z, 0)

viz, 1)=1 z<0
viz, 1)=0

ov'
)%

(z, )=0 z>0

(8-153)

(8-154)

(8-155)

(8-156)
(8-157)

(8-158)

(8159

(8-160)

(8-161)

(8-162)



Modeling the Gas Diffusion Layers 229

Now matching the outer solution:

Vij=o, y) = 0 (8-163)

a i

a“ [, ) = qu (8-164)
Z

To determine the regions that are oversaturated, the following vari-

able needs to be defined:

V- Usat(T)

S(v, T) = o (T]

(8-165)

If S >0, liquid water will be present.

Example 8-2 shows how to obtain and plot the temperature, water and
oxygen concentration and saturation using the equations derived in this
section.

EXAMPLE 8-2: Modeling the Gas Diffusion Layer

Create two-dimensional plots in MATLAB for the temperature, oxygen
concentration, water vapor concentration, and saturation using the equa-
tions derived in this Section 8.6.2.

Using MATLAB to solve:

%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 8-2: Modeling the Gas Diffusion Layer

% UnitSystem SI

%%0%0 %0 %o %o %o %o Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo

cle
clear all
format long e

% Define the parameters
eps = 0.2; % Perturbation Parameter
% Define the number of grid points in x and y direction

% nx = number of grid points in x direction
% ny = number of grid points in y direction
nx = 101;

ny = 65;
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% SOR parameters

omega = 1.4; % SOR parameter
t = (2.0 cos(pi/(nx * ny)))"2;
% Calculate a optimum value of SOR parameter
omegal = (16.0+sqrt((256.0-(64.0 = t))))/(2.0 * );
omega2 = (16.0-sqrt((256.0-(64.0%1))))/(2.0 * t);
oopt = min(omegal,omega?2)
if ( (oopt <= 1.0) Il (oopt >= 2.0))

oopt = 1.0;
end
omega = oopt;

% Define the dimension of the domain

Lx = 2.0; % Length in x of the computation region
Ly = 1.0; % Length in y of the computation region

% Calculate the mesh size

hx = Lx/(nx-1); % Grid spacing in x
hy = Ly/(ny-1); % Grid spacing in y

% Generate the mesh/grid

x(1) = -1.0;

y(1) = 0.0;

for i = 2:nx
x(i)=x(i-1)+hx;

end

for j = 2:ny
y()=y(-1)+hy;

end

% Solve the Temperature equation

%% %o %0 %0 %o Yo %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Initialize the temperature field as zero

T = zeros(nx,ny);

% Max-Norm on Error {L-inf Error) Initialized

Linf = 1.0;

iteration = 0;

while (Linf > 1.0e-5)
iteration = iteration+1;
% Store the old values of T in Told
Told =T;
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% Apply the boundary conditions
for i = 1:nx
% BC for the bottom boundary
T(i,1)=T(i,2)+hy;
% BC for the top boundary
if (x(i)<=0)
T(i,ny) = 1;
else
T(i,ny) = 0;
end
end

forj = 1:ny
% BC for the Left boundary
T(L)=T();

% BC for the Left boundary
T(nx,j)=T(nx-1,j);
end

% Now compute the interior domain using 2nd order finite difference

for i = 2:nx-1
for j = 2:ny-1
term1 = ((eps/hx)"2) = (T(i-1,j)+T(i+1,)));
term2 = ((1.0/hy)"2) * (T(i,j-1)+T(i,j+1));

num = term1+term2;
den = 2.0 (((eps/hx)"2)+((1.0/hy)"2));

Tgs = num/den;
T(i,j) = (omega*Tgs)+((1.0-omega) = Told(i,j));
end
end

% Calculate the error
Terr = abs(T-Told);
Linf = norm(Terr,2);

% Print the convergence history every 100 iterations
ccheck = round(iteration/100)-(iteration/100);
if ( (iteration == 1) Il ( ccheck == 0) )
fprintf(‘%d \t %e \n’, iteration, Linf)
end
end

% Plot the solutions
figure
[X,Y] = meshgrid(x,y);

231

clevel = [-1 -0.005 0 0.053 0.152 0.252 0.352 0.451 0.551 0.65 0.75 0.949 1.049

1.148 1.248 1.348 1.447 1.547 1.646 1.746 1.848 1.945 2.0 3.0];

contourf(X’,Y’,T,clevel)
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colorbar

axis([-1.2 1.2 -0.8 1.8])

xlabel(‘ x ’)

ylabel(‘ y ’)

zlabel(* T(x,y) ’)

hold on

yi = [0:0.01:1];

xi = zeros(length(yi));

plot(xi,yi, ‘black’)

print -djpeg figures\chap4\temperature4

% Save data to a file

save data\chap4\temp.dat T -ASCII -DOUBLE

% Solve the Oxygen concentration equation

%% %0 %o %0 %o %o %o Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
%omega = 1.0; % SOR parameter

% Initialize the oxygen concentration field as zero

u = zeros(nx,ny);

% Max-Norm on Error {L-inf Error) Initialized

Linf = 1.0;
iteration = 0O;

while (Linf > 1.0e-5)
iteration = iteration+1;
% Store the old values of T in Told
uold = u;

% Apply the boundary conditions
fori = 1:nx
% BC for the bottom boundary
u(i,1)=u(i,2)-(1.81:* (eps”2) x hy);

% BC for the top boundary
if (x(i)<=0)

u(i,ny) = 1;
else
u(i,ny) = u(i,ny-1);
end
end
for j = 1:ny

% BC for the Left boundary
u(1,j)=u(2,j);
% BC for the Left boundary
u(nx,j)=u(nx-1,j);

end
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% Now compute the interior domain using 2nd order finite difference
for i = 2:nx-1
for j = 2:ny-1
term1 = ((eps/hx)"2) * (u(i-1,j)+u(i+1,)));
term2 = ((1.0/hy)"2) = (u(i,j-1)+u(i,j+1));

num = term1+term2;
den = 2.0 (((eps/hx)"2)+((1.0/hy)"2));
ugs = num/den;
u(i,j) = (omega:*ugs)+((1.0-omega) * uold(i,j));
end
end

% Calculate the error
uerr = abs(u-uold);
Linf = norm(uerr,2);
% Plot the convergence history every 100 iterations
ccheck = round(iteration/100)-(iteration/100);
if (iteration ==1)
fighandle = figure;
hold on
end
if (ccheck ==0)
fprintf(‘%d \t %e \n’, iteration, Linf)
plot(iteration,Linf,'b-",iteration,Linf,r.")
hold on
end
end
close(fighandle);

% Plot the solutions

figure

[X,Y] = meshgrid(x,y);

clevel = [-1 -0.5 -0.087 -0.031 0 0.025 0.08 0.136 0.192 0.247 0.303 0.359 0.415
0.47 0.526 0.582 0.638 0.693 0.749 0.805 0.86 0.916 0.972 1 3.0];

contourf(X’,Y’,u,clevel)

colorbar

axis([-1.2 1.2 -0.8 1.8])

xlabel(* x )

ylabel(‘ y )

zlabel(* u(x,y) ’)

hold on

yi = [0:0.01:1];

xi = zeros(length(yi));

plot(xi,yi,‘black’)

print -djpeg figures\chap4\oxygen-concentration4

% Save data to a file
save data\chap4\oxygen.dat u -ASCII -DOUBLE
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% Solve the Water vapor concentration equation

%% %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Initialize the water vapor concentration field as zero

v = zeros(nx,ny);

% Max-Norm on Error {L-inf Error) Initialized

Linf = 1.0;
iteration = 0;

while (Linf > 1.0e-5)
iteration = iteration+1;
% Store the old values of T in Told
vold = v;

% Apply the boundary conditions
for i = 1:nx
% BC for the bottom boundary
v(i,1)=v(i,2)+(0.755 * (eps”2) * hy);

% BC for the top boundary
if (x(i)<=0)

v(i,ny) = 1;
else
v(i,ny) = v(i,ny-1);
end
end
for j = 1:ny

% BC for the Left boundary
v(1,)=v(2,));

% BC for the Left boundary
v(nx,j)=v(nx-1,j);
end

% Now compute the interior domain using 2nd order finite difference
for i = 2:nx-1
for j = 2:ny-1
term1 = ((eps/hx)"2) = (v(i-1,j)+v(i+1,));
term2 = ((1.0/hy)"2) * (v(i,j-1)+Vv(i,j+1));

num = term1+term2;
den = 2.0 (((eps/hx)"2)+((1.0/hy)"2));

vgs = num/den;
v(i,j) = (omega*vgs)+((1.0-omega) *vold(i,j));
end
end
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% Calculate the error
verr = abs(v-vold);
Linf = norm(verr,2);
% Plot the convergence history every 100 iterations
ccheck = round(iteration/100)-(iteration/100);
if (iteration ==1)
fighandle = figure;
hold on
end
if (ccheck ==0)
fprintf(‘%d \t %e \n’, iteration, Linf)
plot(iteration,Linf,'b-",iteration,Linf,‘r.")
hold on
end
end
close(fighandle);

% Plot the solutions

figure

[X,Y] = meshgrid(x,y);

clevel =[0. 1. 1.012 1.035 1.058 1.082 1.105 1.128 1.152 1.175 1.198 1.222 1.245
1.268 1.291 1.315 1.338 1.361 1.385 1.408 1.431 3.0];

contourf(X’,Y’,v,clevel)

colorbar

axis([-1.2 1.2 -0.8 1.8])

xlabel(* x )

ylabel(‘ y )

zlabel(‘ v(x,y) ")

hold on

yi = [0:0.01:1];

xi = zeros(length(yi));

plot(xi,yi,‘black’)

print -djpeg figures\chap4\watervapor-concentration4

% Save data to a file
save data\chap4\watervapor.dat v -ASCII -DOUBLE
% Calculate the water vapor saturation

% and the S variable from equation 4.40
fori = 1:nx
for j = 1:ny
term1 = 710.0/((2.0 = T(i,j))+353.0);
term2 = (7.87e-2) = T(i,j);
term3 = (5.28e-4) = (T(i,j)"2);
term4 = (2.65e-6) * (T(i,j)*3);
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vsat(i,j) = term1 = (exp((-0.869+term2-term3+term4)));
S(i,j) = (v(i,j)-vsat(i,j))/vsat(i,j);
end
end

% Plot the solutions

figure

[X,Y] = meshgrid(x,y);

clevel = [-1. 0 0.045 0.07 0.105 0.134 0.167 0.2 0.233 0.266 0.299 0.332 0.365
0.397 0.43 0.463 0.496 0.529 0.562 0.595 0.628 0.661 0.694 0.711 1.0];

contourf(X’,Y’,S,clevel)

colorbar

axis([-1.2 1.2 -0.8 1.8])

xlabel(‘ x ’)

ylabel(‘ y )

zlabel(* S(v,T) )

hold on

yi =[0:0.01:1];

xi = zeros(length(yi));

plot(xi,yi,‘black’)

print -djpeg figures\chap4\saturation4

% Save data to a file

save data\chap4\saturation.dat S -ASCI| -DOUBLE

The contour plots for the temperature, oxygen concentration, water vapor
concentration, and saturation are shown in Figures 8-5, 8-6, 8-7, and 8-8.

Chapter Summary

The gas diffusion layer must be a good proton conductor, chemically stable,
and able to withstand the temperatures and compression forces of the fuel
cell stack. There are many methods that have been used to model porous
media in the literature. Some of the common methods include modeling
the gas and fluid through the pores, or modeling the interaction of the
gas/fluid with the solid porous media. Commonly used methods for model-
ing the GDL include Fick’s law, Darcy’s law, and the Stefan-Maxwell
diffusion for the mass transport. Ohm’s law is typically used for charge
transport, and energy balances can be made on the system in order to obtain
the most accurate flow rates, velocities, and pressure drops through the
porous media layer.

Problems

e Create the MATLAB code for the case of no liquid, no convection, with
a radiation condition for the problem set up in Section 8.6.
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e Create a two-dimensional contour plot in MATLAB for saturation when
both liquid water and vapor are present based upon the problem pre-
sented in Section 8.6.

e Create a cathode GDL model in MATLAB using the Stefan-Maxwell
equation.

e Create an anode GDL model in MATLAB using Fick’s law of
diffusion.

Endnotes
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CHAPTER 9

Modeling the Catalyst Layers

9.1 Introduction

The fuel cell electrode layers are where electrochemical reactions occur.
The electrode layer is made up of the catalyst and a gas diffusion layer.
When the hydrogen in the flow channels meets the electrode layer, it dif-
fuses into the gas diffusion layer as described in Chapters 4 and 8. At the
anode, the hydrogen is broken into protons and electrons. The electrons
travel to the carbon cloth, flow field plate, to the contact, and then to the
load. The protons travel through the polymer exchange membrane to the
cathode. At the cathode catalyst layer, oxygen combines with the protons
to form water. The catalyst layer must be very effective at breaking mol-
ecules into protons and electrons, have high surface area, and preferably be
low cost. The catalyst layers are often the thinnest in the fuel cell (5 to 30
microns [um]), but are often the most complex due to multiple phases,
porosity, and electrochemical reactions. It is a challenge to find a low-cost
catalyst that is effective at breaking the hydrogen into protons and
electrons.

Figure 9-1 shows a schematic of the fuel cell catalyst layers where the
chemical reactions occur at the interphase between the electrocatalyst and
electrolyte. Experimental evidence supports an agglomerate-type structure
where the electrocatalyst is supported on a carbon agglomerate and covered
by a thin layer of membrane. Often, a layer of liquid is also assumed to be
on top of the membrane layer.

There have been many approaches taken in modeling the catalyst
layer, as shown in Table 9-1. The approach taken depends upon how the
rest of the fuel cell is modeled. There are both microscopic and macroscopic
models for the catalyst layer. The microscopic models include pore-level
models and quantum models. The quantum models deal with detailed reac-
tion mechanisms, elementary transfer reactions, and transition states.

Specific topics covered in this chapter include the following:

e Mass and species conservation
e Jon transport
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FIGURE 9-1. Catalyst transport phenomena.
TABLE 9-1
Equations Used to Model the Catalyst Layer
Model Characteristic Description/equations
No. of dimensions 1,2,0r3
Mode of operation Dynamic or steady-state
Phases Gas, liquid, or a combination of gas and liquid
Kinetics Tafel-type expressions, Butler-Volmer equations, or
complex kinetics equations
Mass transport Nernst-Planck + Schlogl, Nernst-Planck + drag coefficient,
or Stefan-Maxwell equation
Ion transport Ohm’s law

Membrane swelling ~ Empirical or thermodynamic models
Energy balance Isothermal or full energy balance
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e Momentum conservation
e Conservation of energy
e Other required relations

The commonly used equations for modeling the fuel cell catalyst layer will
be described, along with an example for using these equations.

9.2 Physical Description of the PEM Fuel Cell Catalyst Layers

The fuel cell electrode is a thin, catalyst layer where electrochemical reac-
tions take place. The electrodes are usually made of a porous mixture of
carbon-supported platinum and isonomer. In order to catalyze reactions,
catalyst particles must have contact to both protonic and electronic con-
ductors. Furthermore, there must be passages for reactants to reach catalyst
sites and for reaction products to exit. The contacting point of the reactants,
catalyst, and electrolyte is conventionally referred to as the three-phase
interface. In order to achieve acceptable reaction rates, the effective area of
active catalyst sites must be several times higher than the geometric area
of the electrode. Therefore, the electrodes are made porous to form a three-
dimensional network, in which the three-phase interfaces are located. An
illustration of the catalyst, electrolyte, and gas diffusion layer is shown in
Figure 9-1.

The catalyst surface area is a very important characteristic of the
catalyst layer; thus it is important to have small platinum particles (4 nm
or smaller) with a large surface area finely dispersed on the surface of cata-
lyst support, which is typically carbon powders with a high mesoporous
area (>75 m?/g). The typical support material is Vulcan XC72R, Black Pearls
BP 2000, Ketjen Black International, or Chevron Shawinigan'. In order to
designate the particle size distribution, the platinum particle surface area
on a per-unit mass basis can be calculated by assuming all of the platinum
particles are spherical:

[£(D)xD*dD 6 -
T D’ B PrcDay -
jf(D)PPc (6) dD

where pp. is the density of the platinum black and Dg, is the volume-
to-surface area mean diameter of all the particles. The active area per
unit mass can be estimated from the mean Ds,, and a typical value is
28 m?*/g Pt.

The catalyst layer is thin to help minimize cell potential losses due
to the rate of proton transport and reactant gas permeation in the depth of
the electrocatalyst layer. The metal active surface area should be maxi-
mized; therefore, higher Pt/C ratios should be selected (> 40% by weight).
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It has been noted in the literature that the cell’s performance remained
unchanged as the Pt/C ratio was varied from 10% to 40% with a Pt loading
of 0.4 mg/cm? When the Pt/C ratio was increased beyond 40%, the cell
performance actually decreased. Fuel cell performance can be increased by
better Pt utilization in the catalyst layer, instead of increasing the Pt
loading.

9.3 General Equations

The catalyst layer contains many phases: liquid, gas, different solids, and
the membrane. Although various models have different equations, most of
these are derived from the same governing equations, regardless of the
effects being modeled. The anode reaction can be described by a Butler-
Volmer-type expression in most cases except for those which use a fuel
other than pure hydrogen. In these cases, the platinum catalyst becomes
“poisoned.” The carbon monoxide adsorbs to the electrocatalytic sites and
decreases the reaction rate. There are models in the literature that account
for this by using a carbon monoxide site balance and examining the reac-
tion steps involved. For the cathode, a Tafel-type expression is commonly
used due to the slow kinetics of the four-electron transfer reaction.

The membrane and diffusion modeling equations apply to the same
variables in the same phase in the catalyst layer. The rate of evaporation
or condensation relates the water concentration in the gas and liquid phases.
There are many approaches that can be used for the water content and
chemical potential in the membrane. If liquid water exists, a supersaturated
isotherm is used—or the liquid pressure can be assumed to be either con-
tinuous or related through a mass-transfer coefficient. In order to relate the
reactant and product concentrations, potentials, and currents in the phases
in the catalyst layer, kinetic expressions can be used with zero values for
the total current. The kinetic expressions result in the transfer currents
relate the potentials and currents in the electrode and electrolyte phases,
as well as govern the production of reactant and products. To simplify the
equations for an ionically and an electrically conducting phase, the follow-
ing equation can be used:

Vi, =-V.i, = 31,2111,172 (9‘2)

where -V -i; represents the total anodic rate of electrochemical reactions
per unit volume of electrode, a, , is the interfacial area between the electri-
cally conducting and membrane phase with no flooding, and i, is
the transfer current for reaction h between the membrane and the
electronically conducting solid. The charge balance assumes that the
faradic reactions are only electrode processes. The double-layer charge is
neglected under steady-state conditions. This equation is used with the
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conservation of mass equation to simplify it. If electroneutrality is
assumed, then there is no significant charge separation compared with the
volume of the domain. Since there is accumulation of charge, and elec-
troneutrality has been assumed, the steady-state charge can be assumed to
be zero:

ZV'ikZO (9'3)

A mass balance can be written for each species in each phase as first
introduced in Chapter 5. The differential form for species i in phase k can
be written as™

8€kCi,k
ot

==V-Nji - Zalkslkh +zslklzakprlkp+zslkk£kng (9-4)

p=k

where the term on the left side is the total amount of species i accumulated
in a certain control volume, —V-N;, is the mass that enters or leaves the
control volume by mass transport, and the last three terms account for the
material that is gained or lost due to the chemical reactions. The second
term on the right side accounts for electron transfer reactions that occur
at the interface between phase k and the electronically conducting phase,
the second summation accounts for all other interfacial reactions besides
electron transfer and the final term accounts for homogeneous reactions
in phase k.

If the reduction of oxygen is the only reaction at the cathode, the fol-
lowing mass balance results*:

1 . a.F 1.
V-Noy,¢ = _Eal.ZIOOrr (IIL%JGXP( RT = Torg,,1- 2) = _Ev'll (9-5)

02

where ioy, is the exchange current density for the reaction, po, is the partial
pressure for O,, pisi is the reference partial pressure for O,, a. is the cathodic
transfer coefficient, and 7orr 1, is the cathode overpotential. Many models
use catalyst loading, which is defined as the amount of catalyst in grams
per geometric area. If a turnover frequency is desired, the reactive surface
area of platinum can be used. This is related to the radius of the platinum
particle, which assumes a roughness factor that is experimentally inferred
using cyclic voltammetry measuring the hydrogen adsorption. These vari-
ables are used to calculate the specific interfacial area between the electro-
catalyst and the electrolyte’:

d)jg = —— (9_6)
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where L is the thickness of the catalyst layer. Another important param-
eter related to the catalyst loading is the efficiency of the electrode. This
tells how much of the electrode is actually being used for an electrochem-
ical reaction. Another useful parameter is the effectiveness factor, E, which
helps to examine the ohmic and mass transfer effects. This is the actual
rate of reaction divided by the rate of reaction without any transport
losses.

9.4 Types of Models

Catalyst layer models range from zero to three dimensions in the literature.
Zero-dimensional models do not consider the actual structure of the cata-
lyst layer. One-dimensional models account for the overall changes across
the layer. There are also two- and three-dimensional models that consist
of the catalyst layer and the agglomerate. Agglomerate models can be either
macro- or micro-models, depending upon how they are calculated. There
are many more cathode than anode models in the literature. This is due to
the slower reaction rate of the cathode due to water production and mass
transfer effects. The anode can almost always be modeled as a simplified
cathode model—except for the case when the hydrogen is not pure, and the
poisoning of the electrocatalyst is included. The common types of models
for the catalyst layer are presented in Table 9-2, and include interface,
microscopic, porous electrode, and agglomerate models.

TABLE 9-2

Types of Models

Type of Model Description

Interface models Interface models assume that the catalyst layers exist

at the GDL/membrane interface. The catalyst
interface layer is the location where oxygen and
hydrogen are consumed and water is produced.

Microscopic and Microscopic and single-pore models contain cylindrical

single-pore models gas pores of a defined radius. The catalyst layer
contains Teflon-coated pores for gas diffusion, and
the rest of the electrode is flooded with liquid
electrolyte.

Porous electrode models Porous electrode models are based upon the overall
reaction distribution in the catalyst layer. The
agglomerates all have a uniform concentration and
potential.

Agglomerate models Agglomerate models assume a uniform reaction-rate
distribution, and more accurately represent the
actual structure of the catalyst layers.
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9.4.1 Interface Models

There are many interface models in the literature that assume that the
catalyst layer only exists at the GDL/membrane interface. This assumption
means that the catalyst layers are infinitely thin, and the structure can be
ignored. There are several ways to accomplish this in a model. One method
is to treat the catalyst layer as a location where hydrogen and oxygen are
consumed and water is produced. Models that focus exclusively on water
management are set up in this manner, and use Faraday’s law for the mass
balance between the membrane and diffusion medium. Faraday’s law is the
rate at which hydrogen and oxygen are consumed and water is generated,
as shown in Equations 9-7-9-9:

I
Nup =— 9-7
= oo (9-7)

I
Ng, = — 9-8
o =z (9-8)

I
Nion = — 9-9
H20 2F ( )

where N is the consumption rate (mol/s), I is the current (A), and F is
Faraday’s constant (C/mol).

A more sophisticated method of modeling the catalyst layer is to use
Equations 9-7-9-9, and then use a polarization curve equation to produce
a potential for the cell at a specific current density. The general equation
for the fuel cell polarization curve was first presented in Chapter 3:

E=E, —Eln(lfﬂ)—gln(,l—%)—mi (9-10)

oF ig nF ip —1

The Nernst equation from Chapter 2 is used to determine the theo-

retical electrical potential of the reaction. Equation 9-11 shows the poten-
tial for hydrogen electrochemically reacting with oxygen.

pl/2
= &.,_RTln%

E,
2F Pioo

(9-11)

The Nernst equation is used to find the potential at the active loca-
tions, and the local potential using the half reactions. To obtain a good
approximation of the actual fuel cell potential, the voltage losses described
in Chapters 2 through 5 can be utilized.

As mentioned in Chapters 2-5, the activation over-potential and the
rate of species consumption and generation are determined by the electro-
chemical kinetics and the current density, i. Activation losses and the
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current density are solved using the appropriate boundary conditions. The
reaction rate depends upon the current density, and the mass flow rates are
related to the electric current through Faraday’s law:

I

mH2 = EMHZ (9‘12)
I

=—M 9-13

Mo, AT 02 ( )
I

Mo = EMHZO (9‘14)

where Mp,, Mgy, and My,o are the molecular weights of the hydrogen,
oxygen, and water, respectively.

Another commonly used approach for modeling the catalyst layers is
to use the Butler-Volmer equation from Chapter 3. The relationship between
the current density and the activation losses for the anode is:

F act,a F act,a
i, =1o, eXP(—aa U—Tt’)—eXp((l—aa)Lj (9-15)

where i, is the transfer current density (A/m?), v, is the activation electrode
losses, i, is the exchange current density, and «, is the anodic charge trans-
fer coefficient. For the cathode:

. . IUaCtC Ivactc
¢ — 10,c c RT, 1 c RT' 9-1
i, =1 exp( . j exp(( o) ) (9-16)

From Chapter 3, the exchange current density depends on the local
partial pressure of reactants and the local temperature. As the partial pres-
sure of the reactants decreases, the exchange current density will also
decrease—which decreases performance. This illustrates how activation
and diffusion limitations affect each other, and why the mass flux must be
solved precisely. The exchange current density for the anode and cathode
is:

. . P 4 _E c ]. ].
e =i x| (17| 517
71 r2 _E .
o) (B 2] e
Pr, Pino R T T

where if. and if, are the reference exchange current density, y, and 7, is
the reaction order, T° is the reference temperature (303 K) and E, is the
activation energy.
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One assumption that is sometimes problematic when modeling the
exchange current density is that it is expressed in terms of geometric area.
The actual reaction occurs at the active sites, which are a strong function
of the shapes and volume of the actual particles. These microstructural
parameters are difficult to control and can vary drastically depending on
the processing techniques and conditions. Therefore, as one would expect,
two electrodes may have vastly different numbers of active sites in the
same geometric area. The average current density is the total current gen-
erated in a fuel cell divided by the geometric area:

v =%V_[jadv =%chcdv (9-19)
Another method for modeling the catalyst layer is to incorporate
kinetics equations at the interfaces. This enables the models to account for
multidimensional effects, where the current density or potential changes.
This allows for nonuniform current density distributions, since the poten-
tial is constant in the cell. Although interface models adequately predict
catalyst layer performance, modeling the catalyst layers in more detail
allows relevant interactions to be accounted for—which creates more accu-
rate results.

9.4.2. Microscopic and Single-Pore Models

There are many early models of fuel cell catalyst layers that are micro-
scopic, single-pore models. The catalyst layer typically contains Teflon-
coated pores for gas diffusion, with the rest of the electrode being flooded
with electrolyte. These models provide a little more detail about the
microstructure of the catalyst layers than the interface models. There are
two main types of single-pore models: gas pore and flooded agglomerate
models. In the gas pore model, the pores are assumed to be straight, cylin-
drical gas pores of a certain radius. They extend the length of the catalyst
layer, and reactions occur at the surface. The second type of model also
uses gas pores, but the pores are filled with electrolyte and catalyst. In these
pores, reaction, diffusion and migration occur. The equations that were
previously introduced (Equations 9-2-9-14) are primarily used in these
models.

In the flooded agglomerate models, diffusion along with the use of
equilibrium for the dissolved gas concentration in the electrolyte is used.
The flooded agglomerate model shows better agreement with experimental
data than the single-pore model, which is expected because it models the
actual microstructure better. A disadvantage of the single-pore models is
that they do not take into account the actual structure of the catalyst
layer—which has multiple pores that are tortuous. However, the single-
pore models have helped to form some of the later, more complicated
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models that provide more realistic simulation results. It is currently
unknown how accurately these equations model PEM fuel cells, since these
models were originally used for phosphoric acid fuel cells, and the polymer
electrolyte membrane does not necessarily penetrate the pores.

The other types of microscopic models in the literature are spherical
agglomerate models, which were introduced by Antoine et al.®. The spher-
ical agglomerates in these models are assumed to exist in three-dimen-
sional hexagonal arrays. Between the agglomerates, there are either gas
pores or the region is flooded with electrolytes. These models examine the
interactions between agglomerate placement. The equations that are solved
are Ohm’s law and Fick’s law with kinetic expressions. The results of these
models show the concentration around an electrocatalyst particle, and the
placement of these particles helps to enhance or reduce the efficiency of
the catalyst layer.

9.4.3 Porous Electrode Models

The porous electrode models calculate the overall reaction distribution
in the catalyst layer without including the exact geometry details. The
porous electrode models consider the agglomerate structure, but the layer
has a uniform concentration and potential. This theory is concerned with
the overall reaction distribution in the catalyst layer. Therefore, the
main effects do not occur in the agglomerates, and the agglomerates have
a uniform concentration and potential. The effect of concentration is
accounted for in the calculation of the charge transfer resistance, which
is from the kinetic expressions, and likely to be nonlinear. The charge
transfer resistances should be in parallel with a capacitor, which repre-
sents double-layer charging. This can be neglected for the steady-state
operation of the fuel cells, and introduced if transients or impedance
is studied. The governing equations for porous electrodes are shown in
Table 9-3.

The next level of models treat the catalyst layers using a complete
simple porous electrode modeling approach. Therefore, the catalyst layers
have a finite thickness, and all variables are determined as in Table 9-3
Some of these models assume that the gas phase reactant concentration is
uniform in the catalyst layers; most allow the diffusion to occur in the gas
phase.

The final porous electrode models are similar to thin film models.
Instead of gas diffusion in the catalyst layer, the reactant gas dissolves in
the electrolyte and moves by diffusion and reaction’. The governing equa-
tions are the same, but a concentration instead of a partial pressure appears
in the kinetic expressions, and the governing equations for mass transport
become one of diffusion in the membrane or water. These models are
simple because they only consider the length scale of the catalyst layer,
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TABLE 9-3

Fuel Cell Catalyst Layer Variables and Equations

Variable Equation Equation No.

Overall liquid water flux (N) Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Overall membrane water flux (Ny)  Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Gas phase component flux (Ng ) Mass balance 7-2, 7-10, 9-4 or
Chapter 5 equations

Gas phase component partial Stefan-Maxwell 5-63

pressure (pc)
Liquid pressure (Py) Darcy’s law 8-52
Membrane water chemical Schlogl’s equation  7-6 or 7-7
potential (u,)

Electronic phase current density (i,) Ohm’s law 8-46

Membrane current density (i,) Ohm’s law 7-5, 8-46, 9-2 or 9-20

Electronic phase potential (@) Charge balance 8-46

Temperature (T) Energy balance Chapter 6 equations

Total gas pressure (pg) Darcy’s law 8-50

Liquid saturation (S) Saturation relation 8-54

and the concentrations of the other species are assumed to be in equilib-
rium with their respective gas phase partial pressures®.

9.4.4 Agglomerate Models

Agglomerate models only consider effects that occur on the agglomerate
scale. They assume a uniform reaction rate distribution. These models
more accurately represent the structure of the catalyst layers than the
simple porous electrode models. These are similar to the microscopic
models, except the geometric arrangement is averaged and each phase
exists in each control volume. The characteristic length scale of the agglom-
erate is assumed to be the same size and shape. In the model, the reactant
or product diffuses through the electrolyte film surrounding the particle
and agglomerate where it diffuses and reacts. The equations again are
similar to those listed in Table 9-3, except that either spherical or cylindri-
cal coordinates are used for the gradients.

The equation for the porous catalysts has been used in the literature,
and is known to match experimental results. The porous catalyst equations
can be used for both the anode and cathode, but this section reviews the
equations for the cathode reaction. Equation 9-2 has been modified by the
addition of an effectiveness factor, which allows for the actual rate of reac-
tion to be written as:

Vi) = aj,ip15E (9-20)
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Since the cathode reaction is a first-order reaction following Tafel
kinetics, the solution of the mass conservation equation in spherical
agglomerate yields an analytical expression for the effectiveness factor:

- #(3¢coth(3¢) 1) (9-21)

where ¢ is the Thiele modulus for the system, and can be expressed as:

=C | (9-22)

D02 , 488

where {is the characteristic length of the agglomerate (volume per surface
area), R,,/3 for spheres, R,,/2 for cylinders, d,, for slabs, and k’ is a rate
constant given by:

. A1slpom a.F
k =l1¥i:—0r§ XP( RT ——(Morr 1- 2)) (9-23)

where the reference concentration is that concentration in the agglomerate
that is in equilibrium with the reference pressure:

ref ref

co = poaHogage (9-24)

where Ho, ., is Henry’s constant for oxygen in the agglomerate. If external
mass transfer limitations can be neglected, then the surface concentration
can be set equal to the bulk concentration, which is assumed uniform
throughout the catalyst layer in simple agglomerate models. Otherwise,
the surface concentration is unknown and must be calculated. An expres-
sion for the diffusion of oxygen to the surface of the agglomerate can be
written:

bulk _ surf

. C C
ngg - AaggDOZ film 02 02 (9_25)

5ﬁlm

where W& is the molar flow rate of oxygen to the agglomerate, A, is the
specific external surface area of the agglomerate, and the film can be either
membrane or water. This expression uses Fick’s law and a linear gradient,
which should be valid due to the low solubility of oxygen, steady-state
conditions, and thinness of the film. At steady-state, the above flux is equal
to the flux due to reaction and diffusion in the agglomerate; therefore, the
unknown concentrations can be replaced. Using the resultant expression
in the conservation equation yields:
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1
5ﬁlm + {
Aagg DOZ, film k E

V.i, = 4Bchyk (9-26)

Equation 9-26 is the governing equation for the agglomerate models
for the cathode catalyst layer, and without external mass transfer
limitations.

9.5 Heat Transport in the Catalyst Layers

In order to accurately predict rates of reaction and species transport, the
temperature and heat distribution need to be determined accurately. This
was first introduced in Chapter 6, Section 6.3. Solving for heat transfer in
the electrodes is a challenge because convective, radial, and conductive
heat transfers all exist. There are three main differences with heat transfer
equations in the catalyst layer in comparison to the other fuel cell layers:

e Conduction plays a dominant role in the solid part of the catalyst
layers, whereas convection dominates the heat transfer in the
species transport.

e The porous nature of the layer complicates the heat transfer model.
In addition, the heat transfer from the gas phase to the solid phase
may be difficult to model.

e The heat source in the catalyst is difficult to model in comparison
with the other fuel cell layers (where the heat source is large and a
known parameter).

Heat is generated in the electrodes through several different
methods:

e Ohmic heat is generated due to the irreversible resistance to current
flow.

e Heat is generated due to the potential loss of activation and trans-
port losses. The energy not transformed into current ends up as heat,
and this heat is released in the electrodes.

e The change in entropy due to the electrochemical reaction generates
heat. Entropic heat effects can be endothermic or exothermic and
are generated at the two electrodes in unequal amounts.

A critical parameter in modeling the heat transfer in fuel cells is determin-
ing where the heat is released in the electrode. Most researchers ignore
radiative transfer, but it is known that the electrodes absorb, emit, and
transmit radiation. Modeling this radiative transfer will aid in developing
better fuel cell catalyst layer models.
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TABLE 9-4

Parameters for Example 9-1

Parameter Value
Temperature 348.15K
O, permeation in agglomerate 1.5e-11

H, permeation in agglomerate 2e-11
Agglomerate radius in anode and cathode 110e-5
Total gas pressure 1 atm
Hydrogen pressure 1 atm

Air pressure 1 atm
Saturation 0.6e-12
Anode transfer coefficient 1

Cathode transfer coefficient 0.9
Constant ohmic resistance 0.02 ohm-cm?”
Limiting current density 1.4 A/cm2
Mass transport constant 1.1
Amplification constant 0.085

Gibbs function in liquid form
Electrode-specific interfacial area
Current density

228,170 J/mol
10,000
1to 1.2 A/cm?

EXAMPLE 9-1: Modeling the Catalyst Layer

Model the PEM fuel cell anode and cathode catalyst layer using
the equations for porous catalysts introduced in this chapter. Create
expressions for the anode and cathode activation losses, liquid water rate
of reaction, and hydrogen rate of reaction. Create the following plots: (1)
Current density versus the effectiveness factor, (2) current density versus
activation losses, (3) current density versus voltage (polarization curve),
and (4) current density versus the hydrogen flux density. All of the
parameters required for this example are listed in Table 9-4.

The first step is to calculate the Nernst voltage and voltage losses.
To calculate the Nernst voltage for this example, the partial pressures
of water, hydrogen, and oxygen will be used. First calculate the satura-
tion pressure of water:

logPy,0 = —2.1794 + 0.02953 T, — 9.1837 x 107+ T; + 1.4454 x 107"+ T?

logPp,0 = —2.1794 + 0.02953 60 — 9.1837 x 107°%60” + 1.4454 x
107%60° = 0.467

Calculate the partial pressure of hydrogen:

pu, = 0.5% Py, fexp(1.653 #i/(Tk**))) — Ppyy0 = 1.265
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Calculate the partial pressure of oxygen:
Po, = (Pair/exp(4.192 #1/(Tg**))) = Py, = 2.527

The voltage losses will now be calculated. The activation losses are
estimated using the Butler-Volmer equation. For the anode:

V'j-l = a1/2(1 - S)ianode

. Pr2 o,F ) (—OCCF )
e = | P2 exp[ %l (@, —,) |- ¢ D, -D
= B xS 0, - @) |- exp St (@1 )

For the cathode:

V'iZ = al,Z(l - S)icathode

. Poa —o. F )
leathode = exp| ——(®; - D, — E,
thod [pgﬁ P( RT (P, 2 ) }

The ohmic losses (see Chapter 4) are estimated using Ohm’s law:

Vohmic = _(1 * r)

The mass transport (or concentration losses—see Chapter 5) can be
calculated using the following equation:

Vconc = alphal *ik *ln(l — i\)
1L

To insure that there are no negative values calculated for Vi, for
the MATLAB program, the mass transport losses will only be calculated
if 1- (i) >0, else Voo = O.

1y
The Nernst voltage can be calculated using the following equation:

_ Gf,hq R#Ty «In Piso
2*F 2*F

ENems - -
t Pr P
Since all of the voltage losses had a (-] in front of each equation,
the actual voltage is the addition of the Nernst voltage plus the voltage
losses:

V= ENernst + Vact + Vohmic + Vconc

The hydrogen oxidation reaction rate at the anode can be written

as:
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Vi, = 31,21h,172E

1 .
V. NH?.,G = _Eal,Z (1 - S)lanodeE

. PH2 OCaF ) (—(ZCF ):|
1inode = ex D, —-D,) [—ex b, -D
d {pgfz p(RT( 1 2) p RT (@, 2)

The liquid water cathode catalyst reaction can be written as:

1 .
V-Nio1 = _Eal,z (1 - S)lcathodeE

. Po2 —oF )
lcathode = exp| —— (P, - D, —E,
thod L)g’ﬁ P( RT (P, 2 ) :l

where the effectiveness factor is:

1
E= W(\%d)coth (3¢) — 1)

The Thiele modulus is expressed by:

k/
p=C—
DOfg,agg
The kinetic portion of the Thiele modulus is:
a1,210,0mr o F
k' = ————ex (_L cathode )
AFcrs, p RT (Meathode )

Using MATLAB to solve:

%% Yo Yo Yo %o %o Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% EXAMPLE 9-1: Modeling the Catalyst Layer

% UnitSystem SI

%% Yo Yo Yo %o %o Yo Yo Yoo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Handling homogeneous reactions

% Parameters

F = 96487; % Faraday’s constant
R = 8.31434; % ldeal gas constant




R2 = 83.1434;

T = 348.15;

Tc =T - 273.15;
Psi_0O2_agg = 1.5e-11;
Psi_H2_agg = 2e-11;
R_agg_an = 110e-5;
R_agg_cat = 110e-5;
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% ldeal gas constant

% Temperature (K)

% Temperature (degrees C)

% O2 permeation in agglomerate
% H2 permeation in agglomerate
% Agglomerate radius in anode
% Agglomerate radius in cathode

P_gas = 1; % Total gas pressure

P_H2 =1; % Hydrogen pressure in atm

P_air=1; % Air pressure in atm

S = 0.6e-12; % Saturation

x_02_g =0.21; % Mole fraction of O2 in the gas phase
x_H2 g=1; % Mole fraction of H2 in the gas phase
alpha_a = 1; % Anode transfer coefficient

alpha_c = 0.9; % Cathode transfer coefficient

R_ohm = 0.02; % Constant ohmic resistance (ohm-cm/2)
il=1.4; % Limiting current density (A/cm2)
k=1.1; % Constant k used in mass transport
Alpha1 = 0.085; % Amplification constant

Gf_lig = -228170; % Gibbs function in liquid form (J/mol)
a120 = 10000; % Electrode specific interfacial area (1/cm)
volt = 0:0.01:1.2; % Voltage

i =0:0.01:1.2; % Current Density (A/cm/2)
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% %% Yo %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculation of Partial Pressures

% Calculations of saturation pressure of water

X =
7) % (Tc.~3);
P_H20 = (10.2x);

—21794 + 0.02953.%Tc-9.1837.%(10.A-5) . (Tc.A2) +

% Calculation of partial pressure of hydrogen

pp_H2 = 0.5.% (P_H2)./(exp(1.653.%i./(T.M.334)))-P_H20);

% Calculation of partial pressure of oxygen

1.4454 % (10./-

pp_02 = (P_air./exp(4.192.xi/(T.A.334)))-P_H20;
%% %6 %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Reaction 1: H20 generation as liquid

% Exchange current density (A/cm”~2)

i_orr = 1.0e-7 .xexp((73269./R) .* ((1./303)-(1./T)));
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% Kinetic portion of the Thiele modulus

k_0O2 = a120.xi_orr./(4*F) .xexp(((-alpha_c.* F)./(R.xT)) .x (-volt));

% Thiele modulus

phi_O2 = R_agg_cat.*sqrt(k_O2 ./ Psi_02_agQ);

% Effectiveness factor due to mass transfer & reaction
E_0O2 = 3 ./ phi_02.A2 .x(phi_02 ./ tanh(phi_0O2) — 1)

% Reaction rate of liquid water at cathode catalyst layer
rate_rx_H20I = k_02.xx_02_g.*P_gas.x(1 — S).*E_0O2;

%% %6 %o %o %Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Reaction 2: Hydrogen oxidation

% Exchange current density (A/cm~2)

i_hor = 1e-3.xexp((9500./R) .* ((1./303)-(1./T)));

% Kinetic portion of the Thiele modulus

k_h =a120.xi_hor ./(2.xF).xexp((alpha_a=F)./(R.xT) .xvolt);

% Thiele modulus

phi_H2 = R_agg_an .xsqrt(k_h./Psi_H2_agg);

% Effectiveness factor due to mass transfer & reaction

E_H2 = 3 ./ phi_H2./2 . (phi_H2 ./ tanh(phi_H2) — 1);
i_h = exp(-(alpha_c.xF)./(R.xT).xvolt)./ exp((alpha_a.*F)./(R.xT).xvolt);

% Reaction rate of hydrogen at anode catalyst layer

rate_rx_H2 = k_h.x(x_H2_g.*P_gas —i_h).x(1 — S) .*xE_H2;

%% %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate activation losses from Butler-Volmer equation

% Activation loss at the anode

V_act_anode = ((R.xT)./((alpha_a + alpha_c).xF)).xlog(i./(i_hor.xa120.x(1 -
S).x(x_H2_g.*P_gas)));

% Activation loss at the cathode

V_act_cathode = log(i./(-a120.%(1 — S).xi_orr.x(x_02_g.xP_gas)))*((R.*T)./
(-alpha_c.xF));
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% Total activation loss

V_act = V_act_anode + V_act_cathode;
% Ohmic Losses

V_ohmic = -(i.*R_ohm);

% Mass Transport Losses

term = (1-(i./il));

if term > 0

V_conc = Alphat .= (i.~k) .xlog(1-(i./il));
else

V_conc = 0;

end

% Calculation of Nernst voltage
E_nernst = -Gf_lig./(2.%F)-((R.* T) .xlog(P_H20./(pp_H2 . (pp_02.70.5))))./(2 . F)
% Calculation of output voltage

V_out = E_nernst + V_ohmic + V_act + V_conc;
if term < O

V_conc = 0;

end

if V_out <0

V_out = 0;

end

% Plot the cell current versus the effectiveness factor

figure1 = figure(‘Color’,[1 1 1]);

hdlp=plot(i,E_0O2,i,E_H2);

title(‘Cell Current vs. Effectiveness Factor’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Cell Current (A/cm”2)’,‘FontSize’,12,'FontWeight’,'Bold’);
ylabel(‘Effectiveness Factor’,‘FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot the cell current versus voltage

figure2 = figure(‘Color’,[1 1 1]);

hdlp=plot(i,V_act);

title(‘Cell Current vs. Voltage’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Cell Current (A/cm/2)’,‘FontSize’,12,‘FontWeight’,'Bold’);
ylabel(‘Voltage (Volts)’,'FontSize’,12,'‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;
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% Plot the polarization curve

figure3 = figure(‘Color’,[1 1 1]);

hdlp=plot(i,V_out);

title(‘Cell Current vs. Voltage’,'FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Cell Current (A/cm”2)’,‘FontSize’,12,'FontWeight’,'Bold’);
ylabel(‘Voltage (Volts)’,'FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot the flux density of hydrogen

figure4 = figure(‘Color’,[1 1 1]);

hdlp=plot(i,rate_rx_H2);

title(‘Superficial flux density of hydrogen’,‘FontSize’,14,'FontWeight’,'Bold’)
xlabel(‘Cell Current (A/cm”2)’,‘FontSize’,12,'FontWeight’,'Bold’);
ylabel(‘Flux density of H2 (mol/cm”2-s)’,‘FontSize’,12,'FontWeight’,'Bold’);
set(hdlp,‘'LineWidth’,1.5);

grid on;

Figures 9-2 through 9-5 show the figures plotted from Example 9-1.

One of the main challenges in modeling the catalyst layer is finding
reliable parameters. The reference exchange current density, the transfer
coefficients, and the reaction order are all dependent on the rate determin-
ing step(s) of the complex electrochemical reaction, as well as the electrode
microstructure. The model becomes more difficult when one has to con-
sider the oxidation of various gases (such as CH,, CO, and H, simultane-
ously). The reaction order has not been extensively studied, and the
experimental kinetic data are still scarce. Thus, there is a need to establish
exactly how different fuels are simultaneously oxidized.

Chapter Summary

Modeling the catalyst layer is very complex because it has properties of all
of the other fuel cell layers combined. Some of the important phenomena
that need to be included in a rigorous catalyst layer model include mass,
energy, and charge balances along with a relation that accounts for the
contact between the porous GDL and polymer membrane layer. In addition,
knowing how the catalyst agglomerates are distributed along the GDL is a
challenge. The kinetics equations are the most important when modeling
the catalyst layer. Commonly used equations are the Tafel and the Butler-
Volmer equations. There are many choices for how the catalyst layer is
modeled, and the complexity of the model needs to be determined by the
level of accuracy required and the resources available to help create the
model.
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Cell Current vs. Effectiveness Factor
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Cell Current vs. Voltage
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FIGURE 9-4. Polarization curve for Example 9-1.
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Problems

Explain the difference between interface, single-pore, porous electrode,
and agglomerate models.

Calculate the flux density of oxygen for Example 9-1.

What would make the polarization curve for Example 9-1 more repre-
sentative of an actual polarization curve?

Complete the model started in Example 9-1 with the rest of the equa-
tions listed in Table 9-3.

Two 100-cm? fuel cells are operating at 75°C and 2 atm with 100%
humidity. They are both generating the same current, and the only dif-
ference between the two cells is the catalyst loading, which is 0.35 mg/
cm” Pt in the first cell. What is the platinum loading of the second
cell?
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CHAPTER 10

Modeling the Flow
Field Plates

10.1 Introduction

After the actual fuel cell layers (membrane electrode assemble (MEA))
have been assembled, the cell(s) must be placed in a fuel cell stack to
evenly distribute fuel and oxidant and collect the current to power the
desired devices. In a fuel cell with a single cell, there are no bipolar plates
(only single-sided flow field plates), but in fuel cells with more than one
cell, there is usually at least one bipolar plate (flow fields on both sides of
the plate). Bipolar plates perform many roles in fuel cells. They distribute
fuel and oxidant within the cell, separate the individual cells in the stack,
collect the current, carry water away from each cell, humidify gases, and
keep the cells cool. In order to simultaneously perform these functions,
specific plate materials and designs are used. Commonly used designs can
include straight, serpentine, parallel, interdigitated, or pin-type flow fields.
Materials are chosen based upon chemical compatibility, resistance to cor-
rosion, cost, density, electronic conductivity, gas diffusivity/impermeabil-
ity, manufacturability, stack volume/kW, material strength, and thermal
conductivity. The materials most often used are stainless steel, titanium,
nonporous graphite, and doped polymers. Several composite materials have
been researched and are beginning to be mass produced.

Most PEM fuel cell bipolar plates are made of resin-impregnated
graphite. Solid graphite is highly conductive, chemically inert, and resistant
to corrosion but expensive and costly to manufacture. Flow channels are
typically machined or electrochemically etched into the graphite or stain-
less steel bipolar plate surfaces. However, these methods are not suitable
for mass production, which is why new bipolar materials and manufactur-
ing processes are currently being researched.

Figure 10-1 shows an exploded view of a fuel cell stack. The stack is
made of repeating cells of MEAs and bipolar plates. Increasing the number
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FIGURE 10-1. An exploded view of a fuel cell stack.

of cells in the stack increases the voltage, while increasing the surface area
increases the current.

Fuel cell bipolar plates account for most of the stack weight and
volume; therefore, it is desirable to produce plates with the smallest dimen-
sions possible (< 3-mm width) for portable and automotive fuel cells'.
Flow channel geometry has an effect on reactant flow velocities and mass
transfer, and therefore, on fuel cell performance. Therefore, modeling the
flow field channels is helpful when deciding on optimal mass transfer,
pressure drop, and fuel cell water management.

Specific topics covered in this chapter include the following:

¢ Flow field plate materials
¢ Flow field design
¢ Channel shape, dimensions, and spacing
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e Pressure drop in flow channels
e Heat transfer from the plate channels to the gas

This chapter covers the modeling required for bipolar plate modeling
and optimization. An efficient design for the bipolar plates or cell intercon-
nects is necessary for creating the most efficient fuel cell stack possible for
the desired application.

10.2 Flow Field Plate Materials

There are many types of materials that have been used for flow field plates.
As mentioned previously, graphite and stainless steel are the most common,
but other materials such as aluminum, steel, titanium, nickel, and polymer
composites are also used. Metallic plates are suitable for mass production
and also can be made into very thin layers, which results in lightweight
and portable stacks. The bipolar plates are exposed to a corrosive environ-
ment, and dissolved metal ions can diffuse into the membrane, which
lowers ionic conductivity and reduces fuel cell life. A coating or coatings
are needed to prevent corrosion while promoting conductivity. Some com-
monly used coatings are graphite, gold, silver, palladium, platinum, carbon,
conductive polymer, and other types. Some of the issues with protective
coatings include (1) the corrosion resistance of the coating, (2) micropores
and microcracks in the coating, and (3) the difference between the coeffi-
cient of thermal expansion and the coating.

Graphite-carbon composite plates have been made using thermoplas-
tics or thermosets with conductive fillers. These materials are usually
chemically stable in fuel cells, and are suitable for mass production tech-
niques, such as compression molding, transfer molding, or injection
molding. Often, the construction and design of these plates are a trade-off
between manufacturability and functional properties. Important properties
that need to be considered when designing these plates are tolerances,
warping, and the skinning effect. Some issues associated with these plates
are that they are slightly brittle and bulky. Although the electrical conduc-
tivity is several orders of magnitude lower than the conductivity of the
metallic plates, the bulk resistivity losses are only on the order of a mag-
nitude of several millivolts.

One of the most important properties of the fuel cell stack is the
electrical conductivity. The contact resistance from interfacial contacts
between the bipolar plate and the gas diffusion layer is a very important
consideration. The interfacial contact resistivity losses can be determined
by putting a bipolar plate between two gas diffusion layers, and then passing
an electrical current through the sandwich and measuring voltage drop.
The total voltage drop is a strong function of clamping pressure. Bulk
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resistance of the bipolar plate and the gas diffusion media is a strong func-
tion of the clamping force.

Interfacial contact resistance depends not only upon the clamping
pressure, but the surface characteristics of the bipolar plate and Gas Diffu-
sion Layer (GDL) in contact. The relationship between the contact resis-
tance and the clamping pressure between the GDL and a bipolar plate is as
follows:

D-1 D/2
R = 2uKG D (10-1)
kL (2-D)p*

where R is the contact resistance, Qm?, A, is the apparent contact area at
the interface, m? K is the geometric constant, G is the topothesy of a
surface profile, m, D is the fractal dimension of a surface profile, and «x is
the effective electrical conductivity of two surfaces, S/m, described by:

Ll ) 102
K 2\K; Ky

L is the scan length, m, and p* is the dimensionless clamping pressure (ratio
of actual clamping pressure and comprehensive modulus of gas diffusion
layer). Chapter 12 discusses fuel cell stack design and clamping pressure in
more detail.

10.3 Flow Field Design

In fuel cells, the flow field should be designed to minimize pressure drop
(reducing parasitic pump requirements), while providing adequate and
evenly distributed mass transfer through the carbon diffusion layer to the
catalyst surface for reaction. The three most popular channel configura-
tions for PEM fuel cells are serpentine, parallel, and interdigitated flow.
Serpentine and parallel flow channels are shown in Figures 10-2 through
10-4. Some small-scale fuel cells do not use a flow field to distribute the
hydrogen and/or air, but rely on diffusion processes from the environment.
Because the hydrogen reaction is not rate limiting, and water blockage in
the humidified anode can occur, a serpentine arrangement is typically used
for the anode in smaller PEM fuel cells.

The serpentine flow path is continuous from start to finish. An advan-
tage of the serpentine flow path is that it reaches the entire active area of
the electrode by eliminating areas of stagnant flow. A disadvantage of ser-
pentine flow is the fact that the reactant is depleted through the length of
the channel, so that an adequate amount of the gas must be provided to
avoid excessive polarization losses. The pressure drop is high in serpentine
channels because flow velocity scales with the square of the feature size,
and the channel length is inversely proportional to the feature size. For
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FIGURE 10-2. A serpentine flow field design.
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FIGURE 10-3. Multiple serpentine flow channel design.
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FIGURE 10-4. A parallel flow field design.

high current density operation, very large plates, or when air is used as an
oxidant, alternate designs have been proposed based upon the serpentine
design®.

Several continuous flow channels can be used to limit the pressure
drop, and reduce the amount of power used for pressurizing the air through
a single serpentine channel. This design allows no stagnant area formation
at the cathode surface due to water accumulation. The reactant pressure
drop through the channels is less than the serpentine channel, but still high
due to the long flow path of each serpentine channel®.

Although some of the reactant pressure losses can increase the degree
of difficulty for hydrogen recirculation, they are helpful in removing the
product water in vapor form. The total reactant gas pressure is Py = Py, +
P,., where P,,, and P, are the partial pressures of the partial pressure and
reactant gas in the reactant gas stream, respectively. The molar flow rate
of the water vapor and reactant can be related as follows:

Nvap _ Pvap _ Pvap

= (10-3)

Ngas Pgas PT - Pvap

The total pressure loss along a flow channel will increase the amount

of water vapor that can be carried and taken away by the gas flow if the

relative humidity is maintained*. This can help remove water in both the
anode and cathode flow streams.
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FIGURE 10-5. An interdigitated flow field design.

The reactant flow for the interdigitated flow field design is parallel to
the electrode surface. Often, the flow channels are not continuous from the
plate inlet to the plate outlet. The flow channels are dead-ended, which
forces the reactant flow, under pressure, to go through the porous reactant
layer to reach the flow channels connected to the stack manifold. This
design can remove water effectively from the electrode structure, which
prevents flooding and enhances performance. The interdigitated flow field
pushes gas into the active layer of the electrodes where forced convection
avoids flooding and gas diffusion limitations. This design is sometimes
noted in the literature as outperforming conventional flow field design,
especially on the cathode side of the fuel cell. The interdigitated design is
shown in Figure 10-5.

10.4 Channel Shape, Dimensions, and Spacing

Flow channels are typically rectangular in shape, but other shapes such as
trapezoidal, triangular, and circular have been demonstrated. The change
in channel shape can have an affect upon the water accumulation in the
cell, and, therefore, the fuel and oxidant flow rates. For instance, in rounded
flow channels, the condensed water forms a film at the bottom of the
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channel, and in tapered channels, the water forms small droplets. The shape
and size of the water droplets are also determined by the hydrophobicity
and hydrophilicity of the porous media and channel walls. Channel dimen-
sions are usually around 1 mm, but a large range exist for micro- to large-
scale fuel cells (0.1 mm to 3 mm). Simulations have found that optimal
channel dimensions for macrofuel cell stacks (not MEMS fuel cells) are
1.5, 1.5, and 0.5 mm for the channel depth, width, and land width (space
between channels), respectively. These dimensions depend upon the total
stack design and stack size. The channels’ dimensions affect the fuel and
oxidant flow rates, pressure drop, heat and water generation, and the power
generated in the fuel cell. Wider channels allow greater contact of the
fuel to the catalyst layer, have less pressure drop, and allow more efficient
water removal. However, if the channels are too wide, there will not be
enough support for the MEA layer. If the spacing between flow channels is
also wide, this benefits the electrical conductivity of the plate but reduces
the area exposed to the reactants, and promotes the accumulation of
water’.

10.5 Pressure Drop in Flow Channels

In many fuel cell types, the flow fields are usually arranged as a number of
parallel flow channels; therefore, the pressure drop along a channel is also
the pressure drop in the entire flow field. In a typical flow channel, the gas
moves from one end to the other at a certain mean velocity. The pressure
difference between the inlet and outlet drives the fluid flow. By increasing
the pressure drop between the outlet and inlet, the velocity is increased.
The flow through bipolar plate channels is typically laminar, and propor-
tional to the flow rate. The pressure drop can be approximated using the
equations for incompressible flow in pipes®.

L V2 V2
AP=f=chan »~ 4 SK, p— 10-4
Dy, p ) LP ) ( )

where f is the friction factor, Ly, is the channel length, m, Dy is the
hydraulic diameter, m, p is the fluid density, kg/m?, v is the average veloc-
ity, m/s, and K; is the local resistance.

The hydraulic diameter for a circular flow field can be defined by:

_4AxA,

D=5

(10-5)

where A, is the cross-sectional area, and P, is the perimeter. For the typical
rectangular flow field, the hydraulic diameter can be defined as:
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Dy = 2wede (10-6)
w.+d,
where w, is the channel width, and d. is the depth.
The channel length can be defined as:
Lchan = ACCH (10'7)

Nch(wc + WL)

where A, is the cell active area, N, is the number of parallel channels,
w, is the channel width, m, and wy is the space between channels, m.
The friction factor can be defined by:

f= 26 (10-8]
Re
The velocity at the fuel cell entrance is:
V= Qstack (10_9)
NcellNchAch

where v is the velocity in the channel (m/s), Qqucx is the air flow rate at the
stack entrance, m®/s, N is the number of cells in the stack, N, is the
number of parallel channels in each cell, and A, is the cross-sectional area
of the channel.

The total flow rate at the stack entrance is:

1S»_ RT,

Q tack = D _ P
stae 4F Yoo Pm - (PPsat(Tin)

Ncell (10'10)

where Q is the volumetric flow rate (m?®/s), I is the stack current, F is the
Faraday’s constant, Sy, is the oxygen stoichiometric ratio, rq, is the oxygen
content in the air, R is the universal gas constant, T, is the stack inlet
temperature, Py, is the pressure at the stack inlet, ® is the relative humid-
ity, Py, is the saturation pressure at the given inlet temperature, and N
is the number of cells in the stack’.

By combining the previous equations, the velocity at the stack
inlet is:

_ Lsﬂ (Wc + WL)Lchan RT
4F Too chc P- ¢Psat

(10-11)

Liquid or gas flow confined in channels can be laminar, turbulent, or
transitional and is characterized by an important dimensionless number
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known as the Reynold’s number (Re). This number is the ratio of the iner-
tial forces to viscous forces and is given by:

_ pVmDe  VmDen
u v

Re (10-12)

where v, is the characteristic velocity of the flow (m/s), D, is the flow
channel diameter or characteristic length (m), p is the fluid density (kg/m?),
u is the fluid viscosity [kg/(m*s or N#s/m?|, and v is the kinematic viscos-
ity (m?*/s). When Re is small (<2300), the flow is laminar. When Re is greater
than 4000, the flow is turbulent, which means that it has random fluctua-
tions. When Re is between 2300 and 4000, it is know to be in the “transi-
tional” range, where the flow is mostly laminar, with occasional bursts of
irregular behavior. It is found that regardless of channel size or flow veloc-
ity, f*Re = 16 for circular channels®.
The effective Reynold’s number for rectangular channels is:

PVuDh  here D, =22 (10-13

Reh =
u p
where Dy, is equal to 4 #(cross-sectional area)/perimeter.
A relationship in the literature for rectangular channels can be approx-
imated by:

fRe = 24(1 — 1.3553 x a* + 1.9467 x a** — 1.7012 x o*® +
0.9564 x o** — 0.2537 x o*") (10-14)

where a* is the aspect ratio of the cross-section, and o* ="/, where 2a and
2b are the lengths of the channels’ sides.

— pVDH — lisﬂ (Wc + WL)Lchan M o+ MH20 (PPsat[Tin)

Re
u u 2F Yoo W, + dc Pin - ¢Psat(Tin]

(10-15)

The velocity profile remains the parabolic shape, and the pressure
gradient is constant throughout the region once the fluid enters the fully
developed region. The flow rate for laminar flow in a circular pipe is given
by the Hagen-Poiseuille equation:

_mrt

Q_8_,u€ p

(10-16)

where r is the radius of the pipe, 1 is the length, Ap is the applied pressure
difference, and u is the viscosity of the fluid.
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The flow rate at the stack outlet is usually different than the inlet. If
it is assumed that the outlet flow is saturated with water vapor, the flow
rate is:

Qstack = L (Sﬂ - ]-) RTOllt Ncell ( 10-1 7)
4F Ioy Pin - AP - (pPsat(Tout)

where AP is the pressure drop in the stack.

The variation in viscosity varies with temperature. For dilute gases,
the temperature dependence of viscosity can be estimated using a simple
power law:

(3]

where u, is the viscosity at temperature T,. In these equations, n, i, and
Ty can be obtained from experiments or calculated through kinetic
theory.

Fuel cell gas streams are rarely composed of a single species. Usually,
they are gas mixtures, such as oxygen and nitrogen from the air. The fol-
lowing expression provides a good estimate for the viscosity of a gas
mixture:

N
Xl
.Umix:zN—'u (10-19)

i=1
2 x®;
j=1

where ®;; is a dimensionless number obtained from:

-1/2) 1/2 1/472
q>i,.=i(1+ M‘j {1{&) (£) } (10-20)
NCA K M;
where N is the total number of species in the mixture, x; and x; are the
mole fractions of species i and j, and M; and M; are the molecular weight
(kg/mol) of species i and j.
For porous flow fields, the pressure drop is determined by Darcy’s
law:

ap=p ey, (10-21)

where u is the viscosity of the fluid, Q.. is the geometric flow rate through
the cell, m3/s, K is the permeability, m* A, is the cross-sectional area of
the flow field, m? and L., is the length of the flow field.
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When using this set of equations, there are a few assumptions that
are made that will cause a slight deviation from the actual values®'.

e The channels are typically smooth on one side of the “pipe,” but
the GDL side has a rough surface.

e The gas is not simply flowing through the channels. It is also react-
ing with the catalyst.

e The temperature may not be uniform through the channels.

e There are a number of bends or turns that should be accounted for
in the channels.

EXAMPLE 10-1: Calculating the Pressure Drop

Calculate the pressure drop through a PEM fuel cell cathode flow field
of a single graphite plate with 100-cm?” cell area. The stack operates at
3 atm at 60°C with 100% saturated air. The flow field consists of 24
parallel serpentine channels 1 mm wide, 1 mm deep, and 1 mm apart.
The cell operates at 0.7 A/cm” at 0.65 V.

The pressure drop is:

52 52
AP = prv—+ ZKLpV—
Dy 2 2
The hydraulic diameter is:

_2wd,  2#0.1%0.1

Dy = = =0.1
HE+d.  01+01 e
The channel length is:
L= Acel = 100 =20.83cm
Nn(we+we)  24(0.1+0.1)
The flow rate at the stack entrance is:
I1(S RT, 0.7%100 1
Qstack = _(_)—NCCH = . * *
4F\ 10, ) Py — @Pss(rin) 4%96,485 0.21
3 3
8.314%333.15 *1:8.423*10’7m—=8.4230m
303,975.03-19,944 s s

The velocity in a fuel cell channel near the entrance of the
cell is:

Qstack _ 8.423
NN Agn 1%24%0.1%0.1

— 35.0962
S



Modeling the Flow Field Plates 281

The Reynold’s number at the channel entrance is:

Re= PVDu
u
_ (P=Py )M + PuMiyppo  (303,975.03 -19,944)%29 +19,944 %18
RT 8314%333.15

=3.10kgm?=0.0031gcm?

11 =2+10" kg/ms = 0.0002 —&—
cms

_pvDy  0.00123%35.096%0.1

Re =
u 0.0002

=21.584

For rectangular channels:

Ref = 55+41.56Xp( 34 j: 56
WC C

(56 _ 56

= = =2.594
Re 21.584

The pressure drop is:

, _ 2
APt L Vs o7 504, 0:2083) )5 0351
Dy 2 2 0.001 )

1.23

2
O3 s,

Using MATLAB to solve:

%% Yo Yo Yo %o %o Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 10-1: Calculating the Pressure Drop

% UnitSystem SI

%% Yo Yo Yo %o %o Yo Yo Yo %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

F = 96485; % Faraday’s constant

R = 8.314; % Universal gas constant
T_in = 333.15; % Inlet temperature (K)
P_in = 101325; % Inlet pressure (Pa)

psi = 1; % Relative humidity
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P_sat = 19944; % Saturation pressure (Pa)

N_cell = 1; % Number of cells in the stack
wc = 0.1; % Channel width (cm);

dc = 0.1; % Channel depth (cm);

A_cell = 100; % Active cell area (cm”2)
N_ch = 1:50; % Number of parallel channels
wl =0.1; % Space between channels
be = 0; % # of bends

n=4; % Cathode

i=0.7; % Cell current (A/cm”2)

| =i*A_cell; % Stack current (A/cm/2)

S 02 =1; % Stoichiometric ration for O2
x_02 = 0.21; % O2 content in the air

A_ch = wc*dc; % Channel area

M_air = 29; % Molecular weight of air
M_H20 = 18; % Molecular weight of water

u = 0.0002; % Viscosity (g/cms)

% %6%0 %0 %o %o %o Yo Yo Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Calculate Pressure drop in flow channels

% Hydraulic diameter

%Dh=(4* Ac)./P_cs; % circular flowfield
Dh =(2*wc.xdc) ./ (wc + dc); % rectangular flowfield

% Channel length
Lc = A_cell ./(N_ch(wc + wl));
% Flow rate at the fuel cell stack entrance (m”3/s)(anode)

Q_stack =(I ./(n*F)).*(S_02 ./ x_02).x((R.*T_in) ./(P_in — (psi.xP_sat))).*N_
cell; % mA3/s
Q_stack1 = Q_stack.*1000000; % convert to cm”3/s

% Velocity in a fuel cell channel at the channel entrance
v = Q_stack1 ./ ((N_cell).*N_ch.xA_ch);% cm/s
% Reynold’s nhumber at the channel entrance

R1 = 8314;

den = (((P_in — P_sat)*M_air)+(P_sat+M_H20)) ./(R1*T_in);% kgm”3
den1 = den ./1000; % convert to gcm”~3

Re = (dent .xv.xDh) ./u;

% Friction Factor

f = 56 ./ Re; % for rectanglar fields
% Pressure Drop
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Lc1 = Lc ./ 100;

Dh1 = Dh ./ 100;

vl =v ./ 100;

Kl = be.*30.*f;

P = (f.x(Lc1 ./Dh1).xden.x ((v1.A2) ./ 2))+(Kl.xden . ((v1.A2) ./2))
P_atm = P.*9.86923e-1 % Convert from Pa to atm

10.6 Heat Transfer from the Plate Channels to the Gas

Another important consideration when modeling the flow channels is the
gas temperature and the associated heat transfer from the plate to the gas.
The temperature of the gas affects the phase change in the channels and
the GDL layer, which ultimately affects the reaction rate.

There are N nodes distributed uniformly in the y-direction across the
channel, as shown in Figure 10-6. The control volumes are set up in this
manner because the velocity at the wall is zero according to the no slip
condition. This will be modeled in a similar manner as the heat transfer
through the fuel cell layer in Chapter 6.

Plate Thickness

l

A
N O
Hydrogen : > -
Flow rate e °© Y

) = i+ |
Velocity ~\ i+ 79, } Uniform Wall
Inlet Temp D i 0] } Temperature
Viscosity =/ —_— i
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Giop
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FIGURE 10-6. Heat transfer from plate channels to gas.
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The distance between adjacent nodes is:
Ay =— (10-22)
and the location of each of the nodes is given by:
yi=Ay(i—%) fori=1...N (10-23)

The velocity distribution in the duct is parabolic, therefore, the veloc-
ity at each nodal location is:

= 6um{&—(&)2} fori=1...N (10-24)
H \H
The hydraulic diameter associated with the channel is:
D, = 2H (10-25)
The Reynold’s number that characterizes the flow is:

Rep, = 2P0l (10-26)
u

If the Reynold’s number implies that the flow is laminar, the conduc-
tive heat transfer can be approximated using the molecular conductivity,
k, rather than a turbulent conductivity. The thermal diffusivity, kinematic
viscosity, and Prandtl number associated with the fluid are:

o= x (10-27)

oc
v=~ (10-28)

)
pr=" (10-29)

o

The Peclet and Brinkman numbers that characterize the flow are:
Pe = PrRep,, (10-30)
puz,

Br=———— 10-31
LT 10-31]

A control volume can be defined around each of the nodes. This defi-
nition is consistent with the approach that was used in Chapter 6 to derive
the state equations for the time rate of change of temperature. As illustrated
in Figure 10-6, the internal nodes are treated separately from the boundary
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nodes. The node has conduction in the y-direction from the adjacent nodes,
and is also influenced by the heat transferred by the fluid, as well as energy
carried by fluid entering the control volume at x and leaving at x + dx. This
creates the following energy balance:

(PCMAYWTl)x + C.],top + élbottom = (pcuiAyWTi)x+dx (10-32’)

where W is the depth of the channel. The conduction heat transfer rates
are approximated with:

o= XEW ) (10-33)
Ay
kdxW

Qbottom = — (T —Ti) (10-34)

Equations 10-33 and 10-34 are substituted into Equation 10-32, and
the x + dx term is expanded:

(peu, AyWT, |, + kdxwW deXW

(T -Ti)+

(Ti—l - Ti) =
1 (10-35
(pcu;AYWT; ), + d—(pcuiAyWTi Jdx fori=2...(N-1)
X
Note that the only term in the derivative that changes with x is the

temperature, therefore Equation 10-35 can be rewritten as:

kdxwW kdXW dT;

(Ti — Ti)+ ————(Tioy = Th) = pcu; AyW I dx fori=2...(N-1)
(10-36)
Solving for the rate of change of T; with respect to x:
dT; 1—(TH1+T11 OT) fori=2... (N—1)  (10-37)
dx  pcAy’u

An energy balance for the control volume around node 1 leads to:

. dT,
Qop + Quvall = pculAde—X1 dx (10-38)

The conductive heat transfer from node 2 is approximated with:

kdxW
Ay

(T, -T}) (10-39)

qtop =
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and the conductive heat transfer from the wall is:

2kdxW

Qwall = (Ts - Tl ) (10-40)

Substituting Equations 10-39 and 10-40 into Equation 10-38 leads
to:

(TZ—Tl)'l'

kW W i, 1) = pewyw T (1041)
X

Solving for the rate of change of the temperature of node 1 is:

ST SUE NS (10-42)
dx  pcAy*u,

A similar process applied to node N leads to:

Tk

=——>—(Ty + 2T, - 3T 10-43
dX pCAy2uN ( N-1 N) ( )

EXAMPLE 10-2: Heat Transfer from Plate to Gas in
the Channel

Plot the two dimensional temperature distribution of the gas in a channel

as a function of axial position. The channel radius is 0.001 m, channel

height is 0.002 m, and length of the channel is 0.00635. The plate tem-

perature is 352 K, and has the following properties: density: 0.08988 kg/

m?, viscosity: 8.6e-6 Pa-s, conductivity: 0.1805 J/kg-K, and specific heat:

14,304 J/kg-K. Set up a grid with 6 nodes (slices) in the y-direction.
Using MATLAB to solve:

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% EXAMPLE 10-2: Heat Transfer From Plate to Gas in Channel
% %% %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o
% Inputs

v_H2_in = 0.000000017; % Volumetric flow rate (m3/s)
r = 0.001; % Channel radius (m)
A = 0.5 pi*rA2; % Area of flow channel
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u_m =v_H2_in/A; % Mean velocity (m/s)

H = 0.002; % Channel height (m)

T_in = 295; % Inlet gas temperature (K)

rho = 0.08988; % Density (kg/m/3)

mu = 8.6e-6; % Viscosity (Pa-s)

k = 0.1805; % Conductivity (W/mK)

c = 14304; % Specific heat capacity (J/kg-K)
T_s = 352; % Plate temperature (K)

L = 0.00635; % Length of channel (m)

W = 0.00635; % Unit length (depth)(m)

%% Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Setup y grid

N = 6; % Number of nodes in y direction (-)
Dy = H/N; % Distance between nodes (m)
for i=1:N
y(i)=Dy*(i-1/2); =~ % Position of each node (m)
end

% Velocity

for i=1:N
u(i)=6 *u_m:= (y(i)/H-(y(i)/H)2); % Velocity at each node (m/s)
end

OPTIONS=0deset(‘RelTol’,1e-6);

[x,T]=ode45(@ (x,T) dTdx_functionv(x,T,Dy,k,rho,c,u,T_s),[0,L], T_in*ones(N,1),
OPTIONS);

[M,g]=size(T); % Determine number of length steps used
for j=1:M
T_mean(j)=sum(T(j,:) .* u) * % The mean temperature is the velocity weighted
Dy/(H *u_m); average temperature at each axial position

af(j)=k = (T_s-T(j,1))/(Dy/2); % The heat flux is obtained from the thermal
resistance of the node at the wall
htc(j)=qf(j)/(T_s-T_mean(j)); % Heat transfer coefficent
Nusselt(j)=htc(j) * 2 = H/k; % Nusselt number
end

% Plot heat distribution in the channel

plot(y,T);
xlabel(‘Axial Position (m)’);
ylabel(‘Temperature (K)’);

Yo% Yo %o %o Yo Ve Yo Yo Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
function[dTdx]=dTdx_functionv(x,T,Dy,k,rho,c,u,T_s)
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[N,g]=size(T); % Determine number of nodes

dTdx=zeros(N,1); % Initialize dTdx

dTdx(1)=k*(T(2)+2+T_s-3+T(1))/(rho*c*Dy 2+u(1));

for i=2:(N-1)

dTdx(i)=k = (T(i+1)+T(i-1)-2: T(i))/(rho  c = Dy"2  u(i));

end

dTdx(N)=k# (T(N-1)+2#T_s-3=T(N))/(rho * c Dy 2+ u(N));
end

Figure 10-7 shows the graph of the temperature as a function of axial
position at various y-locations for Example 10-2.
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FIGURE 10-7. Temperature as a function of axial position at various y-locations.

Example 10-3 uses the concepts from Chapter 5 for determing the
mass flow rates into and out of the layers in the fuel cell stack (such as the
flow field plates) that have convective mass transport. The basic concepts
introduced can be expanded to model the flow through the fuel cell
stack.
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EXAMPLE 10-3: Mass Flow Rates into Fuel Cell Layers

Create a transient MATLAB program that will calculate the mass flow
rates and mole fractions of liquid water, water vapor, and hydrogen going
into and out of six fuel cell layers with corrective mass transport. Assume
that the hydrogen coming into the stack is fully saturated, with a volu-
metric flow rate of 1.7e-8 m?/s.

The code created in this example can act as a start for a program
that calculates the flow rates into and out of the bipolar plates and other
layers in a fuel cell stack. Plot the flow rates after a 20 and 120 second
simulation time.

As shown in Chapter 5, the mass balances into and out of each fuel
cell layer needs to be calculated.

First, the volumetric flow rate needs to be converted to a molar
flow rate using the ideal gas law:

PV
RT

Ny in =

Since the model is transient, the total molar accumulation can be written
as:

= Niot_in — Ntot_out
dt - B

The rate of H, accumulation is:

. (XH2ntot ) = X2 inNtot_in — XH2 outMtot_out

dt

The rate of H,0O accumulation is:

a (XHZOntot) = XH20 inDtot_in — XH20 outtot_out

The inlet molar flow rates can be calculated using the following
equations:
The vapor pressure of the inlet water vapor is:

Pﬂzovgn = 0Py (THZOJH)
The mole fraction of the water vapor is:

PHZ Ov_in

XH20v.in = where Py, =1

tot
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The mole fraction of the liquid water is:

Xov.in * Peate( Trzo_in)

Piot

XHZOUn =

The total mole fraction of water is:
Xm0o_in = Xmov_in + XH20Lin

The mole fraction of hydrogen is:

XHZ?in =1- XHZO?in
The inlet molar flow rate of hydrogen is:

N2 in = XH2 inlltot_in

The total inlet molar flow rate of water is:

NH20_in = XH20_inTltot_in
The inlet molar flow rate of water vapor is:

Ni0v_in = X#H20v_inNH20_in

The inlet molar flow rate of liquid water is:

NHOLin = XH20LinMH20_in

The outlet mole fractions and molar flow rates can be calculated using
the same equations.

Using MATLAB to solve:

%% Yo %o Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 10-3: Mass flow rates into fuel cell layers

%% Yo Yo Yo %o %o Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

const.N = 6; % Number of layers
const.current = 0.6; % current (amp)
const.tfinal = 20; % Simulation time (s)

const.F = 96485.3383; % Faraday’s Constant (coulomb/mole)




const.R = 8.314472;
const.P_tot = 1;
const.A_active = 0.03;
const.phi = 1;
const.mw_H20 = 18;
const.v_H2_in = 1.7e-8;
const.v_air_in = 1.e-8;
const.T_in = 293.2;
const.Tf_in = 353.2;
const. Tf_air = 273.5;
const.phi_air = 1;
const.airO2 = 0.21;
const.airN2 = 0.79;
const.damp = 0.6;
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% ldeal gas constant (J/K-mol)

% Total pressure (bar)

% Active area (cm”2)—only used for current (Amps)
calculations, and for energy calculations of the
channels

% Molecular weight of water

% Volumetric flow rate of wet hydrogen (mA3/s)

% Volumetric flow rate of air (m”3/s)

% Initial temperature (K)

% Initial fluid temperature (K)

% Initial air temperature (K)

% Inlet humidity of air

% Fraction of O2 in air

% Fraction of N2 in air

% ODE solver damping factor (to avoid ringing of the
solution)

% Convert volumetric flow rate to molar flow rate using ideal

gas law

const.n_air_in = const.v_air_in * (const.P_tot./const.Tf_air)*(1/0.0831) = 1000; %

mol/s

% Convert volumetric flow rate to molar flow rate using ideal

gas law

const.n_H2_in = const.v_H2_in (const.P_tot./const.Tf_in) * (1/0.0831) * 1000;

% mol/s
% Layers

% 1 — Left end plate

% 2 — Gasket

% 3 — Contact (Copper)
% 4 — Contact

% 5 — Gasket

% 6 — End plate

% Parameters defined at the layer boundaries
% 1234567

% Gas temperature

param.T_f = [353.2, 353.2 353.2 353.2, 353.2, 353.2, 353.2];
% Humidity of gas

param.phi=[1, 1,1, 1,1, 1, 1];

2901
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% Parameters defined at the layer centers

% 123456
% Area (m"2)
param.A = [0.0367, 0.0367, 0.0367, 0.0367, 0.0367, 0.0367];

% Thickness (m)
param.thick = [0.025, 0.025, 0.002, 0.002, 0.025, 0.025];

% Number of slices within layer

param.M =[1, 1, 1,1, 1, 1];

% Channel radius

param.r = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel width (rectangular channels)

param.wc = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel depth (rectangular channels)

param.dc = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel length

param.L = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
%% %6 %o Yoo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Grid definition

% x — interslice coordinates
% n — molar flow rates at slice boundary

%% %0 %0 %o %o %o Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Grid up mass flows. Assume each layer abuts the

% next one. The mass flow rate is at the boundary of each slice. x is at the

% edge of each slice (like a stair plot).

x =0;

layer = [];

for i=1:const.N,

X = [x, x(end) + (1:param.M(i)) = param.thick(i)/param.M(i)]; %Boundary points
layer = [layer, i+ones(1,param.M(i))];

end

% Slice thicknesses

dx = diff(x); %gives approximate derivatives between x’s
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% Initial mass flows (defined at layer boundaries)
n_tot = zeros(size(x)); % Total molar flow

% Convert volumetric flow rate to molar flow rate using ideal
gas law

n_tot(1) = const.v_H2_in * (const.P_tot./const.Tf_in)*(1/0.0831) * 1000; % mol/s
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n_tot(end) = const.v_air_in* (const.P_tot./const.Tf_air) *(1/0.0831) * 1000; % mol/s

f = @(t,n_tot) mass(t,n_tot,x,layer,param,const,dx’);

options = odeset(‘OutputFcn’, @ (t,n_tot,opt) massplot(t,n_tot,opt,x));
[t,n_tot] = ode45(f, [linspace(0,const.tfinal,100)], n_tot, options);
end % of function

%

function dndt = mass(t,n_tot,x,layer,param,const,dx)

% Mass flow rates for fuel cell

% Make a convenient place to set a breakpoint

if (t > 30)
s=1;
end

% Preallocate output

dndt = zeros(size(n_tot));

% Fluid flows from left to right for layers 1-3 and
% right to left for layers 4—6

inlet = [find(layer<4) find(layer>3)+1];

outlet = [find(layer<4)+1 find(layer>3)];

% Treat n_tot as a row vector
n_tot = n_tot(:)’;

% Inlet Mole Fractions

P_H20v_inlet = param.phi(inlet) .* psat % Calculate the vapor pressure
(param.T_f(inlet)); of water vapor

x_H20v_inlet = P_H20v_inlet ./ const.P_tot; % mole fraction of water vapor

x_H20I_inlet = (x_H20v_inlet.* psat % mole fraction of water

(param.T_{f(inlet)))./ const.P_tot;
x_H20_inlet = x_H20v_inlet + x_H20l_inlet; % mole fraction of H20
x_H2_inlet = 1 — x_H20_inlet; % mole fraction of Hydrogen

% Inlet Molar flows

n_H2_inlet = x_H2_inlet.x n_tot(inlet); % Total molar flow of H2 coming

in

n_H20_inlet = x_H20_inlet.*n_tot(inlet); % Total molar flow of H20 coming in
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n_H20v_inlet = x_H20v_inlet.* % Calculate the H20 vapor molar
n_H20_inlet; flow rate going in

n_H20I_inlet = x_H2OI_inlet.*xn_H2O_inlet; % Calculate the H20 liquid molar
flow rate going in

% Replace hydrogen parts

%0utlet Mole Fractions

P_H20v_outlet = param.phi(outlet) .= psat % Calculate the vapor pressure
(param.T_f(outlet)); of water vapor

x_H20v_outlet = P_H20v_outlet ./ const.P_tot; % mole fraction of water vapor

x_H20I_outlet = (x_H20v_outlet.* psat % mole fraction of water
(param.T_f(outlet))) ./ const.P_tot;

x_H20_outlet = x_H20v_outlet + % mole fraction of H20
x_H20I_outlet;

x_H2_outlet = 1 — x_H20_outlet; % mole fraction of Hydrogen

% Outlet Molar flows

n_H2_outlet = x_H2_outlet.* n_tot(inlet); % Total molar flow of H2
coming out

n_H20_outlet = x_H20_outlet.* n_tot(inlet); % Total molar flow of H20
coming out

n_H20v_outlet = x_H20v_outlet.xn_H20_outlet; % Calculate the H20 vapor
molar flow rate going out
n_H20I_outlet = x_H20I_outlet.*n_H20_outlet; % Calculate the H20 liquid
molar flow rate going out
n_outlet = n_H2_outlet + n_H20_outlet;

%% %0 %o %o %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
%
% Combine into rate of change of n
%
% Do this in a loop since more than one layer outlet may contribute to
% a given element of dndt.
for i=1:length(outlet)
dndt(outlet(i)) = dndt(outlet(i)) + n_outlet(i) — n_tot(outlet(i));
end

% Use damping factor to help numerical convergence

dndt = const.damp * dndt;

end % of function

%

function status = massplot(t,n_tot,opt,x)

if isempty(opt)
plot(t,n_tot), title([t = ’,num2str(t)]), hold on
status = 0;
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drawnow
end
end % of function

%% %% %0 %o %o %o %o Yo %o %o %o %0 %0 %0 %o %o Yo Yo Yo Yo Yo Yo Yo %o %0 %0 %o Yo Ve Yo %o %o

function Psat = psat(T)
% PSAT Saturation pressure
% PSAT(T) returns the saturation pressure in bars. T is in degrees K.

Te=T-273; % Conversion to Celcius for use in Psat

Psat_Pa=—2846.4+411.24 . Tc — 10.554 .x Tc.A2 + 0.166 36 .* Tc.A3; % calculation
of saturation pressure

Psat=Psat_Pa./100000; % Convert to bar

end % of function

Figures 10-8 and 10-9 both show the transient flow rates of hydrogen
and water into and out of six fuel cell layers at 20 and 120 seconds of
simulation time.

x 10" t=19.3939 19596  19.798 20
6 T T
/ /
5t e

Molar Flow Rate (mol/s)
w

0 4 6 8 10 12 14 16 18 20
Simulation Time (s)

FIGURE 10-8. Hydrogen and water flow rates after 20 seconds of simulation
time.
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FIGURE 10-9. Hydrogen and water flow rates after 120 seconds of simulation
time.

Chapter Summary

The flow field plates have multiple jobs, such as evenly distributing fuel
and oxidant to the cells, collecting the current to power the desired devices,
and evenly distributing or discarding heat and water products. The flow
field design is critical for optimal fuel cell performance because it ensures
even distribution of the reactants and products through the cell. Commonly
used materials for flow field plates are graphite, stainless steel, aluminum,
and polymer composites. The flow field designs that have been traditionally
used are the serpentine, parallel, and interdigitated designs. The width,
depth, and length of the channels in the flow field plate should be carefully
considered to ensure proper flow rates, mass transfer, and pressure drop.
Another consideration when designing flow field plates is the temperature
of the gases in the channels. All of these factors contribute to the mass and
heat transfer in the fuel cell, and can be optimized through modeling.

Problems

o A fuel cell has a 50-cm? active area and a current density of 1 A/cm?
with nine parallel channels on the cathode. Each channel is 1 mm wide
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and 1 mm deep with 1 mm of spacing between channels. Air at the inlet
is 100% humidified at 60°C. The pressure is 3 atm, and there is a
0.3 atm pressure drop through the flow field. The oxygen stoichiometric
ratio is 1.5. Calculate the velocity and Reynold’s number at the air inlet
and outlet.

e Calculate the pressure drop through a PEM fuel cell cathode flow field
of a single graphite plate with a 100-cm?” cell area. The stack operates
at 1 atm at 60°C with 100% saturated air. The flow field consists of 18
parallel serpentine channels 0.8 mm wide, 1 mm deep, and 1 mm
apart.

e A fuel cell has a 100-cm” active area and a current density of 0.8 A/cm?”
with 20 parallel channels on the cathode. Each channel is 1.5 mm wide
and 1.5 mm deep with 1 mm spacing between channels. Air at the inlet
is 100% humidified at 70°C. The pressure is 3 atm, and there is a
0.3 atm pressure drop through the flow field. The oxygen stoichiometric
ratio is 3. Calculate the velocity, Reynold’s number, and pressure drop
at the air inlet and outlet.

Endnotes
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[4] TIbid.

[5] Spiegel, C.S. Designing and Building Fuel cells. 2007. New York: McGraw-
Hill.
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CHAPTER 11

Modeling Micro Fuel Cells

11.1 Introduction

This chapter is concerned with the change in magnitude of proportion
when fuel cells go from large to small. This is called “scaling,” and the
exact manner with which the particular quantity changes with respect to
another quantity is called a “scaling law.” Scaling can be examined in terms
of systems of forces rather than a single force. When a device also has fixed
proportions, the surface area-to-volume ratio always increases as the length
scale decreases. Therefore, as objects become smaller, surface effects become
relatively more important. While the point at which surface effects matter
more than volume effects depends upon the system under consideration; a
good rule of thumb is that millimeter-scale devices are small enough for
surface effects to be important, but these effects will be dominant in the
micron regimen. Some of the differences between macroscopic and micro-
scopic systems include the following:

e Surface effects matter more than bulk effects

e Very small dead volumes

e Issues with bubbles

e No unwanted turbulent flow

The classification of microchannels varies in the literature, but a good
guideline can be found in Table 11-1'. Table 11-2 shows the different flow
regimes for various channel dimensions for air and hydrogen®.

There are certain parameters that can be ignored when modeling
macro-scale fuel cells, that need to be included when modeling micro fuel
cells. Some of the performance considerations with microdevices are
minimal dead volume, low leakage, good flow control, and rapid diffusion.
The most commonly used stack configuration for macro and micro fuel
cells is the bipolar configuration, which has been described in previous
chapters and is shown in Figure 11-1. There are many alternative stack
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Cathode

Anode

FIGURE 11-1. Basic micro fuel cell based upon traditional fuel cell design.

configurations for micro fuel cells, and the design and modeling of these
are in their infancy. Important modeling parameters to include are:

As shown in Figure 11-1, the membrane electrode assembly (MEA) is
separated by a plate with flow fields to distribute the fuel and oxidant. The
majority of fuel cell stacks, regardless of size and fuels used, is of this con-
figuration.

The specific topics that will be covered in this chapter include:

Proton Exchange

TABLE 11-1
Classification of Microchannels
Classification Hydraulic Diameter Range
Convectional Dh > 3 mm
Minichannel 3 mm > Dh > 200 um
Microchannel 200 yum > Dh > 10 um
TABLE 11-2
Channel Dimensions (microns [um])
Continuum Flow Slip Flow
Air >67 0.67 to 67
H, >123 1.23 to 123
Carrier Substrate with
Fuel Delivery System
and Current Collector Oxidant Oxidant

Diffusion Layer
Catalyst —

Structure
Catalyst

Diffusion Layer

Carrier Substrate with Fuel Fuel \&‘

Fuel Delivery System
and Current Collector

—

Size, weight, and volume at the desired power
Temperature

Humidification and water management

Fuel and oxidant pressures

e Micro fuel cells in the literature
e Microfluidics
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Flow rates and pressures

Bubbles and particles

Capillary effects

Single- and two-phase pressure drop

This chapter explains the differences and potential issues between
micro and macro fuel cell stacks and introduces microfluidics for modeling
the micro-electro mechanical systems (MEMS) fuel cell bipolar plates.

11.2 Micro PEM Fuel Cells in the Literature

Micro fuel cells have been documented in the literature for several years.
There are many companies currently working on this technology for cel-
lular phones and other small, portable devices. However, many of the
advantages of MEMS technology have not been applied yet to fuel cells,
therefore, the optimization of MEMS fuel cells is in its infancy. The next
few sections present an overview and comparison of the MEMS fuel cell
technology recently documented in the literature.

11.2.1 The Electrodes

The thickness of the electrodes in traditional fuel cells is typically 250
to 2000 angstroms (A) with a catalyst loading of at least 0.5 mg/cm?. For
micro fuel cells, the typical platinum loading is from 5 to 60 nm in thick-
ness, with a platinum-ruthenium loading for the anode between 2.0 and
6.0 mg/cm? and a platinum loading for the cathode between 1.3 and
2.0 mg/cm®.*¢ An adhesion layer is deposited before the catalyst layer, and
it is typically 25 to 300 A in thickness. As mentioned previously, the cata-
lyst loading is a cost-prohibitive factor for the PEM fuel cell. The cost of
the PEM fuel cell stack would be lowered if the amount of platinum is
reduced, another (cheaper) element is combined with it, the platinum is
replaced with another element, or the fuel cell stack is miniaturized to the
point where the required catalyst loading is not as cost prohibitive. Chapter
8 covers the details of modeling the catalyst layer. When modeling the
micro fuel cell system, it is important to use a catalyst model that takes
into account microscopic effects, such as an agglomerate model. Due to
the small areas of the micro fuel cell, homogeneous catalyst distribution
and placement are very important. Taking this into consideration is also
very important for obtaining an accurate electrode model for a MEMS fuel
cell.

Diffusion Layer
The diffusion layer is made of electrically conductive porous materials
such as carbon or Toray paper. The thickness of the diffusion layer is
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usually 0.25 to 0.40 mm. The conductivity of the paper can be improved
by filling it with electrically conductive powder such as carbon black.
To help remove water from the pores of the carbon paper, the diffusion
layer can be treated with PTFE. Some micro fuel cell developers forgo the
diffusion layer altogether, and platinum is sputtered directly on the proton
exchange structure. There are several new studies that are helping to
improve fuel cell performance by creating highly aligned diffusion layers
from carbon nanotubes. Several studies have shown an increase in fuel cell
current density from fuel cells made with carbon nanotube diffusion
layers’'2. Depending upon the micro dimensions of the fuel cell, the GDL
layer may not be as advantageous as in larger fuel cells. This layer is
extremely helpful in creating an even flow rate to the catalyst layer. In
micro fuel cells, the MEMS bipolar plates can be altered appropriately to
provide even flow without using the GDL. This also depends highly on the
fuel cell design. The GDL for micro fuel cells can be modeled using the
same methods presented in Chapter 9. However, depending upon the GDL
design, it may improve the model accuracy to rigorously include the geo-
metric details for a micro fuel cell.

11.2.2 Bipolar Plates

Most traditional bipolar plates (in large fuel cells) are made from stainless
steel or graphite. Stainless steel plates are heavy components for a portable
or micropower system. Solid graphite plates are highly conductive, chem-
ically inert, and resistant to corrosion, but are expensive, brittle, and costly
to manufacture. Flow channels are traditionally machined or electrochem-
ically etched to the graphite or stainless steel bipolar plate surfaces. These
materials are not suitable for mass production, and would not work for
MEMS-based fuel cell system. Typical materials that have been used in
MEMS fuel cells are silicon wafers, carbon paper, PDMS, SU-8, and copper
and stainless steel metal foils. Traditional photolithography and microfab-
rication techniques have begun to be used with MEMS fuel cells during the
last few years.

Flow Channels

In PEM fuel cells, the flow field should be designed to minimize pressure
drop while providing adequate and evenly distributed mass transfer through
the carbon diffusion layer to the catalyst surface for reaction, as discussed
in Chapter 10. As discussed previously, the three most popular channel
configurations for traditional fuel cells are (1) serpentine, (2) parallel, and
(3) interdigitated flow. Most MEMS fuel cell studies in the literature also
use the same flow field patterns. Some small-scale fuel cells do not use a
flow field to distribute the hydrogen and/or air but rely on diffusion pro-
cesses from the environment. Since the hydrogen reaction is not rate lim-
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iting, and water blockage in the humidified anode can occur, a serpentine
arrangement is typically used for the anode in smaller PEM fuel cells.
Figure 11-2 illustrates interdigitated, serpentine, and spiral interdigitated
flow patterns for MEMS fuel cells.

There are some MEMS fuel cells that have been fabricated with spiral
interdigitated channels. Combining the advantages of the serpentine and
the interdigitated flow patterns yields the spiral-interdigitated channel.
Figure 11-2¢ shows an example of this flow field type. The peak power
density of the spiral interdigitated cell decreases as the feature size decreases
from 1000 to 5 um'®. The scaling behavior is slightly similar to interdigi-
tated channels; however, the flow path short circuits are highly prominent
in the smaller channels.

Fuel cell performance improves as the channel gas flow velocity
increases because the increased flow velocity enhances mass transport.
When investigating the effect of fuel cell geometry, the following geomet-
ric parameters need to be considered: the flow channel pattern, the channel
and rib shape, and the diffusion layer thickness, as well as many other
factors. The velocity in the flow channel will increase as the feature size
decreases. However, one drawback of the smaller feature size is the increased
pressure drop in the flow channels. The feature sizes for flow channels in
the literature range from 100 x 200 x 20 um to 500 x 500 ym to 750 x 750
x 12.75 mm, with many length, widths, and depths in between with various
rib widths'*?2. A recent study that was conducted verified that the fuel cell
performance improves with the decrease in flow channel dimension, as
shown in Figure 11-3.

11.2.3 Stack Design and Configuration

In the traditional fuel cell stack, the cathode of one cell is connected to the
anode of the next cell. The main components of the fuel cell stack are the
membrane electrode assemblies (MEAs), gaskets, bipolar plates with elec-
trical connections, and end plates. The stack is connected together by bolts,

a)

=

AN

FIGURE 11-2. Interdigitated, serpentine, and spiral-interdigitated flow field
designs.
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FIGURE 11-3. Fuel cell a) polarization and b) power density curves for 20-1000 um
channel widths and depths.
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rods, or other method to clamp together the cells. The key aspects of fuel
cell design are:

Uniform distribution of reactants to the cell
Uniform distribution of reactants inside the cell
Maintenance of required temperature inside each cell
Minimum resistive losses

No gas leakage

Mechanical sturdiness

Most MEMS systems use silicon as the preferred material because of
the availability, low cost, and various processing technologies available.
Some of the processes normally used to create micro fuel cells are aniso-
tropic etching, deep reactive ion etching (DRIE), and CVD and PVD for
depositing various materials. Polymers are being used, but silicon/glass
systems are mechanically more stable, resist high temperatures/pressures,
and are basically chemically inert. However, silicon is brittle, and polymers
allow configurations and alternative processing techniques. Some of the
polymers that are being researched include PMMA and PDMS using ion
etching, polymeric surface micromachining, hot embossing, soft lithogra-
phy, and laser machining. Stainless steel foil and copper films are also being
researched as materials for fuel delivery/current collector plates™?*,

There is much more variability in fuel cell design and configuration
with MEMS fuel cells (1 cm® or less in area) than with the larger fuel cell
stacks. An interesting design is shown in Figure 11-4, which was first pro-

Microcapillaries
(Fuel Channel)

|

Nafion membrane Cathode
electrolyte
Platinum Catalyst Contact

FIGURE 11-4. Cross-sectional view of the porous silicon-based stack?>?¢.
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posed by Aravamudhan et al.*’. The flow fields are made of silicon, and the
proton exchange membrane is wedged between the two sets of flow fields.
Platinum is deposited on both microcolumns to act as an electrocatalyst
and current collector. The flow field pore diameter was carefully controlled
to use capillary pressure in order to distribute the fuel correctly and mini-
mize methanol crossover. The area of each electrode is 1 cm?.*

Figure 11-5 shows the planar design, which is the most common stack
design used in micro fuel cells besides the traditional design shown in
Figure 11-1. The planar design is two-dimensional and requires a large
surface area to deliver similar performance to the bipolar configuration.
The fuel and oxidant are delivered through a single side of the fuel cell®.

Another very interesting micro fuel cell design is shown in Figure
11-6. This fuel cell structure is usually made of silicon and the channels
are fabricated at small enough dimensions to allow the fuel and oxidant
to flow in the laminar flow regimen without mixing***>. The protons
travel from one stream to the next without the aid of a proton exchange

Anode Cathode Anode
Polymer Electrolyte
Membrane
Catalyst —
Diffusion Layer Fuel | | Oxidant | | Fuel

Insulator

-

FIGURE 11-5. Cross-sectional view of planar micro fuel cell stack?¥3*,

Flow Flow in
in Fuel Oxidant

Cathode
I's

Oxidant
_________ )il_a_n__-_______ 250 - 400
Fuel microns

Anode

\

Flow Channel:
~5cmlong

FIGURE 11-6. Cross-sectional view of a membraneless laminar flow micro fuel cell
stack®>%.
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membrane. There are separate entrances for the fuel and oxidant. The
electrode materials are deposited on the silicon structure by sputtering
or evaporation.

Laminar flow is a new concept in developing micro fuel cells. The
most widely known design is a Y-shaped microchannel system where two
fuels flow side-by-side with the help of a large control and monitoring
system outside the fuel cell. When considering how this system will be
able to be actualized, one important concept to keep in mind is the size of
the interface between the two fuels, which is defined by the depth and the
length of the channel. The width is not considered as important because
the interface remains the same regardless of the width of the channels.

11.3 Microfluidics

As in continuum mechanics, microfluidics uses the Navier-Stokes equa-
tions for liquids and gases. The equations are valid for liquids and gases,
with the exception that gases are compressible while liquids are not. As
the dimensions become smaller, the differences between gases and liquids
become more apparent. The first difference is that liquids have interfaces,
and there are definite boundary liquids flowing in a channel. On the other
hand, gases readily mix together. The second difference becomes apparent
when Navier-Stokes equations are analyzed for MEMS systems. A Knudsen
number that is less than 0.01 indicates that the equations of the continuum
theory should provide a good approximation, while a Knudsen number
approaching unity means that the gas must be treated as a collection of
particles rather than continuum. The useful forms of the Navier-Stokes
equations for MEMS systems are introduced in this section.

11.3.1 Navier-Stokes Equation

The Navier-Stokes equation describes the behavior of a fluid in terms of
stress and strain. In fluids, in addition to conservation of momentum,
there is also an equation derived from the principal of conservation of
mass:

. P o

+u + =0 11-1
o ox P ox, [11-1)
where p denotes the density of fluid and u; is a vector of fluid velocities

whose ith component is fluid velocity in direction i. The strain rate
tensor:

de _1(ow  du; (11-2)
ot 2\ dx; 9%
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The stress tensor can be thought of as a 3 x 3 matrix; therefore, it is
written as:

011 O1p Oi3
031 Oy Oy (11'3)
O31 O3 O3

The ijth element of this matrix is the force per unit area in the direc-
tion i exerted on a surface element with normal in the j direction. The
stress tensor is related to the strain tensor through:

Oij = —pO; + 2UE;; + A€ (11-4)

In the equation 11-4, the dot implies differentiation with respect to time,
p is the pressure in the fluid, u is the dynamic viscosity, and 4 is a second
viscosity coefficient. The equation of conservation can now be written as:

8111 . (9ui BO'H

_oF+ 11-5
gt P ox TR Ok i11-5)

P

where F; represents body forces, while the stress tensor captures the inter-
nal stresses. Equation 11-5 is a statement of Newton’s second law,
F = ma. Using Equation 11-4 in Equation 11-5:

oJu; du; Jdp 0
=+ pu;, — = pF, + + —(2u€; + A& O;; 11-6
81’. pu] aXi 1% (9Xi 8X]( ‘u&‘] Exk 1) ( )

p

Equation 11-6 is usually called the Navier-Stokes equation of motion
and Equations 11-1 and 11-6 are called Navier-Stokes equations. These can
be rewritten in vector form:

dp

—+V. =0 11-7

otV pu) (11-7)
p%+p(u-V)u+Vp—,uV2u—(/l+,u)V(V-u):f (11-8)

The Navier-Stokes equations for a viscous, compressible fluid are a
system of four nonlinear partial differential equations. However, the system
contains five unknown functions: pressure, density, and the three compo-
nents of the velocity vector. In order to solve for the unknowns, the con-
servation of energy equation is usually added to the Navier-Stokes equations.
This introduces one more equation and one more unknown variable, the
temperature, T. A final equation relating the p, p, and T needs to be intro-
duced to solve for the six unknowns.
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11.3.2 Incompressible Flow

If the fluid is assumed to be incompressible, the Navier-Stokes equations
may be simplified. The assumption of incompressibility implies that density
is a constant. Therefore, Equations 11-7 and 11-8 reduce to:

V.u=0 (11-9)

@Jr(u-V)u:—leﬁLvVZu (11-10)
ot p

where v = u/p is called the kinematic viscosity. The assumption of constant
density reduces the number of equations and unknowns to four.

11.3.3 The Euler Equations

In addition to the assumption of constant density, if it is assumed that the
fluid is inviscid as well as incompressible, the Navier-Stokes equations may
be further simplified to obtain the Euler equations. This assumption means
that v =0, and therefore Equations 11-9 and 11-10 reduce to:

V.u=0 (11-11)

du 1
— Vju=-=V -
En +(u-Vju ) p (11-12)

Equations 11-11 and 11-12 are called the incompressible inviscid
Navier-Stokes equations.

11.3.4 The Stokes Equations

If the incompressible Navier-Stokes equations for a flow assume a charac-
teristic velocity, U, in a spatial region with characteristics length, 1, the
following equations can be introduced:

Ut PP

BN
1 T P

(11-13)

_y
Y=

where p.. is a reference pressure in the system to be thought of as the pres-
sure in the fluids at infinity. The dimensionless system is obtained:

V.u=0 (11-14)

g—?+(u-V)u=—Vp+éV2u (11-15)
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As introduced previously, the dimensionless parameter Re is the
Reynold’s number for the flow and is given by:

_ul
_V

Re (11-16)

when the Reynold’s number is low, the incompressible Navier-Stokes equa-
tions are replaced with the Stokes equations (Equations 11-17 and 11-18).
The pressure is rescaled with Re where p = p/Re, and the limit as Re — 0
is used to obtain:

V.u=0 (11-17)

Vp = V2u (11-18)

11.3.5 Boundary and Initial Conditions

In order to formulate the boundary and initial conditions, two types of
interfaces are examined: a solid—fluid interface and a fluid-fluid interface.
For the boundary between a fluid and solid, the no-penetration and no-slip
boundary conditions are generally used. If the fluid-solid interface is used
as shown in Figure 11-7a the boundary conditions would be formulated in
terms of normal, n, and the velocity, u, as:

un=0 (11-19)

The no-slip boundary condition comes from experimental evidence.
It has been observed that the fluid is moving tangentially to the solid
surface at the interface between a fluid and solid. The no-slip boundary
condition is stated as:

a) b)

Normal Normal

Fluid Fluid 1

Solid Fluid 2

FIGURE 11-7. A a) fluid-solid interface, and b) a fluid-fluid interface.
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uxn=0 (11-20)

When the two conditions are combined, the no-slip and no-penetration
at the boundary between a solid and a fluid, they can be stated as:

u=0 (11-21)

When dealing with inviscid fluid flow, it is only necessary to specify no-
penetration into a solid, and not the full no-slip condition.

At a fluid-fluid interface, the no-slip boundary condition is used. The
interface is described by the equation f(x, y, z, t) = 0, as shown in Figure
11-7b. The location of the interface between the two fluids is not usually
known, determining the function f is part of the problem. The change in
momentum across the interface is balanced by the tensile force of the
interface, as shown in Figure 11-7:

(()'1—()'2)~1’1=—}/(RL+RL)1’1 (11-22)
1 2

where yis the surface tension at the interface, R; is the radii of curvature
of the interface, and the o' are the stress tensors in each fluid. If the fluid
is not moving, the stress in the fluid becomes hydrostatic, and the equation
reduces to the familiar Laplace-Young law:

(p1—p2) =7’(RL1+RL2) (11-23)

where the p; are the pressures of each fluid.

Since the location of the interface is unknown, an additional condi-
tion is needed to determine its position. This is called a kinematic
condition, and it says the fluid that starts on the boundary remains
on the boundary. In terms of the interface f as shown, this condition
may be stated as:

KX wivi=o (11-24)
ot

Here u' is the velocity vector of the ith fluid.

The study of MEMS sometimes requires the researcher to confront
unfamiliar parameter regimes, and there are cases where the fluids do
sometimes slip along a solid surface. The Knudsen number provides a
measure of how close a particular system is to the slip regimen:

Kn=2 (11-25)
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where A4 is the molecular mean-free-path, and 1 is the characteristic
length of the system under consideration. As mentioned previously,
the mean-free-path is the average distance traveled by a molecule between
collisions. When the mean path becomes large and the system becomes
comparable in size, the Knudsen number approaches one. In microfluidics,
the Knudsen number becomes large, not because the mean-free-path
is large, but because the system size becomes small. If Kn is less that
10™, the no-slip boundary condition can be applied. If Kn becomes larger
than 107, fluid will slip along an interface. A modified slip boundary con-
dition is often used. For example, the wall coinciding with the x-axis and
moving with velocity V,, in the direction of the x-axis can be expressed as:

ul—Vw=(2_—o-)( Kn )& (11-26)
c 1-bKn / dy

where o is called the accommodation coefficient, and b is called the slip
coefficient. These coefficients are typically determined experimentally.

11.3.6 Poiseuille Flow

A simple solution of the incompressible Navier-Stokes equations can be
solved for flow in a pipe. If a cylinder has a radius R, and a constant pres-
sure gradient in the z direction, then:

P:= -A (11-27)

where A is a constant. If the velocity vector has flow only in the z direc-
tion, then the incompressible Navier-Stokes equations are:

1 —Xﬁ(ﬁﬂﬂ (11-28)
p Pz r or\ or _
If Equation 11-27 is substituted in Equation 11-28, and the resulting
equation is integrated twice with respect to r:

2
Ar +co log(r) + ¢, (11-29)
4u

us(r)=—
where ¢y and ¢, are integration constants. If ¢, is zero, and ¢, is found by

applying the no-slip boundary condition at r = R, then:

AR?
C =
4p

(11-30)
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ug,(r)zﬁ(Rz—rz) (11-31)

11.3.7 Poiseuille Flow with Slip

If the slip coefficient, b, from Equation 11-26 is zero, then the boundary
condition for Equation 11-28 is:

ugR)=Kn(3§E)§Ei (11-32)

or

r=R

It is required that ¢, = 0 in order to keep the velocity bounded at the
origin. However, the slip boundary condition implies that:

2 2 _
o = AR _AR Kn(2 G) (11-33)
4u 2u o
Therefore, the solution for velocity is:
2 —
ugu)=-fi(R2—rZL-fgi-Kn(g—lzj (11-34)
4u 2u o

Equation 11-34 reduces to the no-slip solution when Kn goes to
ZEro.

11.4 Flow Rates and Pressures

For a pipe of length, 1, and circular cross-section with radius, r, the Navier-
Stokes equations can be solved for a steady-state, incompressible fluid. The
volumetric flow rate is given by the Hagen-Poiseuille law:

nr* AP
= 11-35
Q ™ ( J

where AP is the pressure drop over the length of the pipe and v is the
dynamic viscosity of the liquid. Using the no-slip boundary condition, the
average fluid velocity is:

Q r’AP

arr  8vl

(11-36)
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Therefore, the pressure drop over the length 1 is:

ap = 80l (11-37)
r
Now let r = 4, and suppose the velocity, v, is scaled so that:
v=or® (11-38)

where n = 0 for the case of constant velocity, and n = 1 for the
case of constant time of a particle of the fluid to transverse the
pipe. Then:

n-1 n+l
L S A . S G (11-39)
£ \%

AP

These equations illustrate that maintaining a constant velocity of the
fluid requires very large pressures. Constant time results in a constant pres-
sure drop across the pipe, however, this requires extremely high pressure
gradients since:

AP = 8var™? (11-40)

Note that in both cases the Reynold’s number decreases with de-
creasing r. Large pressures and large pressure gradients are unavoidable in
microsystems.

The fluidic resistance is the pressure drop over the flow rate, and is
independent of the average velocity of the fluid:

_aP_svl_ sy

R
Q nart ogerd

(11-41)

which shows that small pipes have very high resistance.

11.5 Bubbles and Particles

Bubbles are more important in MEMS systems than in macroscopic systems.
Since the channel size is very small, the bubbles can sometimes block
entire channels, inhibit flow, create large void fractions, or introduce many
other issues in microsystems. Small volumes of one fluid in another fluid
have spherical shapes due to surface tension. If the fluids have different
densities, the droplets will move upward or downward due to the buoyant
forces acting upon them.
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The buoyant force, Fg, on a spherical air bubble of radius r in a liquid
density is given by:

Fszg%nrs (11-42)

The force acting to hold a bubble in place on a surface is the interfacial
force, F is:

Fi = ndy (11-43)

where yis the interfacial tension, and d is the diameter of the contact area
of the bubble.

For bubbles in flow channels, the pressure drop across a liquid-gas
interface and the pressure difference needed to move the bubbles are given
by:

_ 2ycosd

AP (11-44)

p, = 2Vt (11-45)

where r is the channel radius and y is a frictional surface tension
parameter.

Depending upon how a bubble is positioned in a microchannel, the
pressure drop and pressure required to move the bubble can vary. If
the bubble impedes the flow in a capillary, the pressure may be low. If the
bubble ends up in a region with different curvatures, the pressure drop may
be significant, and large pressures may be required to remove the bubble.

When considering the movement of a particle in a fluid, the friction
coefficient is given by Stokes’ law:

f=6mru (11-46)

Like bubbles, particles in microfluidic systems are important because
they are of comparable size to flow channels. In order to prevent issues
with particles in MEMS systems, careful filtration of fluids and gases is
required.

11.6 Capillary Effects

As first discussed in Chapter 8, the surface tension force that draws liquid
into a small flow channel or capillary is:
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F; = 2xrycos(6) (11-47)

where 0 is the contact angle between the liquid and surface. For a vertical
capillary, the gravitational force on the rising column of liquid is given

by:
F, = pgrr’h (11-48)

When these forces are made equal, the maximum rise in height of a fluid
in a capillary against gravity is:

_ 2ycos()
pgr

h (11-49)

Therefore, the height of the fluid column will greatly increase as the
size of the channel is decreased. Capillary forces are very useful in micro-
fluidics because very long lengths of channel can be filled with fluid using
this force alone—as long as the capillary force is not opposed by gravity.

11.7 Single- and Two-Phase Pressure Drop

Single- and two-phase pressure drop calculations for microchannels are
slightly different than the calculations for conventional channel sizes.
There are several models in the literature for pressure drop in microchan-
nels for different sizes of microchannels for gas and liquid phases. A pres-
sure drop model proposed by Garimella et al.*’ is used in this section. The
first type of pressure drop is contraction pressure drop is due to reduction
in the flow area. The homogeneous flow model is used to calculate the
contraction pressure drop:

2 2
APCOF%HL_Q i1 }‘PH (11-50)
Zpl C:c Ycon
1
C.= — (11-51)
1 .
0.639*(1 - ) +1
Ycon
\IJH,xfout =1+ Xout (ﬂ - j (11-52)
y _ Ainlet (11 53)
“r Abipolar

The multiple flow regimen pressure drop model of Garimella et al.*®
for condensing flows of refrigerant R134a in tubes with 0.5 < D < 4.9 mm
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can also be used for other types of fluids. Although this model consists of
separate submodels for the intermittent flow regimen and the annular/
mist/disperse flow regimens, in the current study, the annular flow portion
is used for all data for ease of implementation.

In the annular flow model, the interfacial friction factor is computed
from the corresponding liquid phase Re and friction factor, the Martinelli
parameter, and a surface tension-related parameter:

%: A-X*Reby® (11-54)
1

where the laminar region is <2300 and A = 1.308 x 1073, a = 0.4273,

b =0.9295, and ¢ =-0.1211
The Martinelli parameter X is given by:

dP 0.5
()
()

dz /,

The liquid phase Re is defined in terms of the annular flow area occupied
by the liquid phase:

X =

(11-55

_ GD(1-x) GD1-x)

Re; = = 11-56
CeVal (1+Yalu 1o
and the gas phase Re is:

Re, = GDx _ GDx (11-57]

JTRNERTANEY

The surface tension parameter v is given by:
y =14 (11-58)
c
. Gl-x) . L. . ) ) . _y
where j; = (1—) is the liquid superficial velocity. The interfacial friction
pil-a

factor is related to the pressure drop through the void fraction model using
the following equation:

AP 1 11, G 1
2 Loyt lpSxl :
L 2P D Ty e D (11-59)
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Two-phase pressure drops in bends are calculated using the homoge-
neous flow model:

GZ
APyengin = Kp —— Py our (11-60)
2p

The mass flux required for calculating the pressure drop at an abrupt
turn in the channel is determined based on the minimum flow area in the
channel when the gas goes into the channel

m
G = ] (11-61)
. 'DTS,tubeJD -drs

where drg is the depth of the channels. The deceleration pressure gain is
calculated using:

2,2 2 2 ) 9 2
APdccclcration=|:G X +G (1 X ):| _|:G X G (1 X )

N } (11-62)
Jones p](l_a) Py pl(l_a) X=Xout

where

0.74 0.65 0.137°!
ol = [1 + (l"—xj (&) (ﬂ) } (11-63)
X P My

The deceleration pressure gain and contraction and expansion losses
are proportional to the square of the mass flux, and therefore, the increase
or decrease at the same rate with a change in mass flux. The contraction and
expansion pressure drop decreases with an increase in channel width because
the area contraction or expansion ratio increases. The deceleration pressure
drop is proportional to the change in quality across the test section.

11.8 Velocity in Microchannels

There are two distinct regions of flow in a microchannel: the entrance and
regular flow region. When the fluid or gas enters the channel, the flow
(velocity) profile changes from flat to a more rounded and eventually to the
characteristic parabolic shape. Once this occurs, it is in the fully developed
region of flow, as shown in Figure 11-8.

The parabolic profile is typical of laminar flow in channels, and is
caused by the existence of the boundary layer. When the fluid first enters
the channels, the velocity profile will not yet be parabolic. Instead, this
profile will develop over a distance called the entrance length. The length
of the entrance region for a circular duct is given by:
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FIGURE 11-8. Developing velocity profiles from the entrance region to the fully
developed region in a microchannel.

Lip 0.6
D 1+0.035%Re

=0.056Re (11-64)

If the entrance is well rounded, the velocity profile is nearly uniform.
Boundary layers form at the entrance as the fluid enters. The fluid acts
according to the Continuity law, which says the fluid will slow down at
the walls of the channel, while the fluid in the center of the wall will
accelerate. There is an excess pressure drop across the entrance length
due to the increased shear forces in the entrance boundary layers and the
acceleration of the core.

In a circular pipe, the velocity distribution across the diameter of the
pipe is given by:

W) :i—I:(RZ ) (11-65)

Microchannels with a rectangular shape are widely used in micro-
fluidics. In the x direction, the two-dimensional velocity distribution,
u(y, z), satisfies Poisson’s equation:

1d
Vauly, z) = -~ (11-66)
udx
where u is the dynamic viscosity, and dp/dx is the pressure gradient.

Since the velocity at the wall is zero, a Fourier series solution of
the velocity field u(y, z) in a rectangular channel size of —w/2 < w/2 and
—H/2 < H/2 can be written as:

uly, )= 0 (- 2] a1 -
cosh((2n —1)wz/w) cosh((2n —1)zy/w)
cosh((2n - 1)zH/2w) (2n-1)°

(11-67)
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where the velocity varies in the channel with the width-to-depth
aspect ratio (w/H). As cosh approaches infinity with n, it is a nontrivial
task to achieve the exact solution of this equation. By integrating the
equation over the area of the channel section, the volumetric rate can
be written as:

_8HW’( dp\¢ I 2w B )
Q= e ( dx);[(2n_1)4 (zn_l)antanh((Zn l)n'H/Zw)} (11-68)

where Q is the volumetric flow rate, and dp/dx is the pressure gra-
dient along x. The pressure gradient can be related to the mean velocity,
u, by:

dp _ 4kuu
dx  H?

(11-69)

where k is a constant related to the aspect ratio of a rectangular channel.

EXAMPLE 11-1: Plotting the Three-Dimensional Velocity Field

Using Equations 11-68 and 11-69 for a volumetric flow rate of 2e-6 m?/s,
create the three-dimensional velocity field for a fully developed flow in
a rectangular channel. The width-to-depth aspect ratio is 4 (w/H = 4),
and the viscosity is 1.002¢-9.

Using MATLAB to solve:

% %% %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
%EXAMPLE 11-1: Plotting the 3-D velocity field

% UnitSystem SI

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Inputs

Q = 2e6; % Flow rate (m”3/s)
muu = 1.002e-9; % Viscosity
ymin = -200;

ymax = 200;
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% Width of the channel

Zmin = -50;
zmax=50;

% Thickness of the channel

Npts = 40;
dy=(ymax-ymin)/npts;
dz=(zmax-zmin)/npts;
a=(ymax-ymin)/2;
b=(zmax-zmin)/2;

L = 5000;

Pi = 3.14159265359;

P1 =0.0;

aspectratio = 4; % Width to depth aspect ratio
ku =14.2;

% Input of flow rate to calculate pressure gradient P
P = ku*muu*Q/(ymax-ymin)/(zmax-zmin)/(zmax-zmin)"2;

n = 1000;
ny = ((ymax-ymin)/dy);
nz = ((zmax-zmin)/dz);
fori = 1:ny+1
for j = 1:nz+1
u(i,j) = 0.0
end
end
fori = 1:nz+1
za(i) = zmin+(i-1) *dz;
end
fori = 1:ny+1
ya(i) = ymin+(i-1) = dy;
end
for i = 1:ny+1
for j = 1:nz+1
for k = 1:800
u(i,j) = u(i,j)+(16*P=xan2)./(muu=pir3).: ((-1).(k-1). * (1-cosh((2. # k-1). * pi. * za(j)
J2./a)./...
cosh((2x*k-1) = pi*b/2/a)). *xcos((2 * k-1) = pi = ya(i)/(2 * a))./(2 * k-1)"3);
end
end
end
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% Plot the 3-D velocity flow field

figure1 = figure(‘Color’,[1 1 1]);

hdlp = surf(ya,za,u);

colormap hsv

colorbar

xlabel(‘'y = y/w’,’FontSize’,12,’FontWeight’,’Bold’);

ylabel(‘z = z/H’,’FontSize’,12,’FontWeight’,'Bold’);
zlabel(‘Normalized Velocity (u)’,’FontSize’,12,’FontWeight’,’Bold’);
set(hdlp,’LineWidth’,1.5);

grid on;

|

Figure 11-9 shows the three-dimensional flow field in a rectangular
channel with width to depth aspect ratio (w/H = 4) for example 11-1.
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FIGURE 11-9. Three-dimensional velocity field in microchannels.
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TABLE 11-3
Parameters for Example 11-2
Inlet Outlet
Quality 0.80 70
Vapor density (kg/m?) 100 95
Vapor viscosity (kg/ms) 1.4e-5 1.4e-5
Liquid density (kg/m?) 1000 1075
Liquid viscosity (kg/ms) 1.2e-4 1.24e-4
End plate Other fuel Bipolar plate
‘ cell Ilayers ‘
i O l O O
e B s B s I s I s s I e 3
\/"\ 6) Bend pressure drop in
bipolar channel bends
‘\/’\ 5) Frictional pressure
drop in bipolar channels
Inlet flow U U Y E ey
e e
Channel o
1) Frictional N
pressure drop in O O
inlet channel
D ~—
Channel Iength 2) Bend pressure drop ~ 3) Contraction pressure 4) Deceleration pressure
from inlet channel to drop from inlet channel to  gain in channels
bipolar channel bipolar channel

FIGURE 11-10. Tllustration for Example 11-2.

EXAMPLE 11-2: Modeling the Two-Phase Pressure Drop
in Microchannels

Create a two-phase pressure drop model for the microchannels using the
equations introduced in this chapter. Figure 11-10 shows an illustration
of the channels. The inlet channel diameter is 1.55 mm, with a mass
flow rate of 2.18e-4 kg/s. The outlet value for G is 550. For the channels
in the bipolar flow plate, the horizontal length is 0.0075 m, and the
vertical length is 0.0015 m. There are 9 channels, and 8 “u” bends.
Table 11-3 shows the other parameters required for calculating the pres-
sure drop for this problem.
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First calculate the area and G:

D. 2 ] 2
Amlet=n($j =n(%) =1.8869¢ — 6m>

mn 2.18*10’41{—g Kk
Gchan = = S - 115.53 f
Ailee 1.8869¢ -6 m-s

The frictional pressure drop in the channel from the inlet to the
bipolar channel entrance needs to be calculated next.
The void fraction is:

0.65 0.13 71
ons[ 100X8 1.2x10 K&
_|3 (1 0.80) md m-s
0.80 1000 %8 | | Lax10 X8
m m-s
=0.9041
The liquid Reynold’s number is:
Re, = GD(1-x) _115.53%1.89¢ —6+(1-0.80) _ 152.99

C(1++a)w  (1+4/0.9041)%1.2e -4

The vapor Reynold’s number is:

Re, = GDx _ 115.53%1.89e — 6+0.80 —1.08—4

u,Na 1.4e - 5,/0.9041
The friction factor for the laminar film is:
_ 64 064
" Re;  152.99

The friction factor for vapor is:

f, = 0.316%Re%? = 0.316%(1.08e — 402 = 0.0310

=0.4183

1

The pressure drops for the liquid and vapor phase are:

2 2
(d—P) _AGHL-xP 25 05
dz 1 2Dp1
22
[d—P) RO 85494
dz /), 2Dp,
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The Martinelli parameter is calculated by:

dP 0.5
(),

X= ( d7P ) =0.2903
dz J,
The liquid superficial velocity is:
= S=X) 69400
pi{l-al

The surface tension parameter is:
w =15 _ 00080
c

i—i = A-X*RePy*© =0.0621
|
where the laminar region is <2300 and A = 1.308 x 107, a = 0.4273,
b=0.9295, and ¢ =-0.1211.

AP _ lfivaVZ- L_ 22.015Pa

L 2 D,

The bend pressure drop from the flow channel to the bipolar channel

entrance is:

GZ
APbend,in = kB o lIJH,x_out = 4720Pa
2py

The contraction pressure drop from the flow channel to the bipolar
channel entrance can be calculated by the following:

Din et :
Abipolar = ﬂ(%) =7.85e-9

Yeon = -2t _ 040,95
Abipolar
Ce.= ! G =0.6106
0.639*(1 _ 1 ) +1
YCOH

Homogeneous flow model:

2 2
APconzﬁ (L_l) +1- i lPH=1106563
2p1 CC ’}/Cﬂn
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The deceleration pressure gain is calculated using:
G2x? N G2(1—x2)} ~
poo  pill-a) |
|:G2X2 N G*(1-x?)
pa P (1 - OC)

A]:)deceleration = |:

} =280.51Pa

The frictional pressure drop in the bipolar channels is calculated
in the same manner as the frictional pressure drop from the inlet
channel to the bipolar channel entrance. The pressure drops in the flow
channel bends are also calculated using the same equation as for the
bend from the inlet channel to the flow field channels. The last
step involves summing all of the pressure drops to obtain the net
pressure drop

AP = A:P(:han/in + APbend,in + APcon + A:[)de(:elerati(m + APbipolar + APbend,bipolar

Using MATLAB to solve:

%% %% %0 %o %o %o %o Yo Yo %o %o %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %o %o Yo %o Yo Yo Yo %o Yo

% EXAMPLE 11-2: Modeling the Two-Phase Pressure Drop
in Microchannels

% UnitSystem SI
% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Pressure drop analysis for microchannels

D_chan = 0.00155; % Channel diameter (m) (1.55 mm)
D_bipolar = 0.0001; % Bipolar channel diameter (100 um)

m = 2.18e-4; % Mass flow rate (kg/s)

X = 0.80; % Quality

pv = 100; % Vapor density (kg/mA3)
pl = 1000; % Liquid density (kg/mA3)
mul = 1.2e-4; % Liquid viscosity (kg/ms)
muv = 1.4e-5; % Vapor viscosity (kg/ms)
sigma = 3.6e-3; % (N/m)

A = 1.308e-3;

a=04273;

b = 0.9295;

c=-0.1211;

L_chan = 0.01; % Channel Length (10 mm)
kb = 0.6;

psi = 7.85;
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% Calculate the area of the inlet channels
A_chan = pi*(D_chan/2)"2;

G_chan =m/ A_chan;

% Frictional pressure drop in channel from inlet to the
bipolar channel

% entrance

%% %0 %o %o %o %o %o Yo %o Yo %o Yo Yo %o Yo o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Void fraction

alpha = (1 + ((1 = x) / )™ 0.74) * ((pv/pl)*0.65) * (mul/muv)”0.13)7(-1);
% Liquid Reynold’s humber

Re_I = (G_chan*D_chanx* (1 — x))/ ((1+ sqrt(alpha))* mul);

% Vapor Reynold’s number

Re_v = (G_chan*D_chan#*x)/ (sqrt(alpha) * muv);

% Friction factor for laminar film

f_| = 64/Re_l;

% Vapor friction factor

f_v = 0.316 % Re_v/(-0.25);

% Annular flow model

dPdz_| = (f_I*G_chan”2x* (1 — x)*2)/(2* D_chan*pl); %Pa/m
dPdz_v = (f_v*G_chan?2#x72)/(2 * D_chanx*pv); %Pa/m

% Martinelli parameter

Xm = (dPdz_|/dPdz_v)"0.5;

j_I = (G_chan(1-x))/(pl = (1-alpha)); %m/s

phi = (j_I*mul)/sigma;

f_i = A= (XmAa)* (Re_I"b) * (phirc) #f_I; % For laminar region

deltaP_chan = 0.5x#f_i*G_chan2/pv(x/2)/(alpha”2.5) * (1/D_chan)*L_chan;
% Pa

% Calculate the area of the bipolar channels
A_bipolar = pi:*(D_bipolar/2)72;
G_bipolar = m / (pi*D_chan *D_bipolar);
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% Bend pressure drop from flow channel to bipolar
channel entrance

%% %o %0 %0 %o %o %o %0 %o %o %o %o Yo Yo %o %o Yo Yo %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo %o Yo %o
% Homogenous flow model
deltaP_bend_in = kb ((G_bipolar’2)/(2 = pl)) * psi % Pa

% Contraction pressure drop from the flow channel to bipolar
channel entrance

%%% %0 %0 %o %o %o %o Yo Yo %o %0 %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %o %0 Y0 %o Yo %o Yo %o Yo

gamma_con = A_chan/A_bipolar %
Cc = 1/(0.639* ((1-(1/gamma_con))"0.5)+1)

% Homogenous flow model

deltaP_con_in =((G_bipolar’2)/(2pl)) = ((((1/Cc)-1)"2) + 1 -(1 / gamma_con”2)) * psi;
% Pa

% Deceleration pressure gain in channels
%% %0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o

X_in = 0.80; % Quality in

pl_in = 1000; % Liquid density in
mul_in=1.2e-4; % Liquid viscosity in
pv_in = 100; % Vapor density in
muv_in = 1.4e-5; % Vapor viscosity in
pl_out = 1075; % Liquid density out
mul_out = 1.24e-4; % Liquid viscosity out
pv_out = 95; % Vapor density out
muv_out = 1.4e-5; % Vapor viscosity out
x_out = 0.70; % Quality out

G = 550;

alphax_in = (1+  (((1-x_in)/x_in)"0.74) * ((pv_in/pl_in)"0.65) * ((mul_in/muv_

in)~0.13))A(-1);

alphax_out= (1+ (((1-x_out)/x_out)*0.74)  ((pv_out/pl_out)*0.65) * ((mul_out/muv_
out)M0.13))A(-1);

deltaP_decel = (((G"2) * (x_in"2)/(pv_in *alphax_in))+ ((GA2) * (1-x_in)2)/(pl_in* (1-
alphax_in)))- . . . (((G"2) = (x_out’2)/(pv_out = alphax_out))+ ((G"2)* (1-x_out)*2)/
(pl_out* (1-alphax_out)));

% Frictional pressure drop in bipolar channels
%%6%0 %0 %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o

L_bipolar_hor = 0.0075*9; % horizontal length x number of channels
L_bipolar_vert = 0.0015*8; % % vertical length x number of u bends

% Void fraction
alpha_bipolar = (1 + (((1 — x) / x)A 0.74) * ((pv/pl)*0.65) * (mul/muv)*0.13)A(-1);




Modeling Micro Fuel Cells 329

% Liquid Reynold’s number

Re_| = (G_bipolar:D_bipolar (1 — x))/ ((1+ sqrt(alpha_bipolar)) = mul);
% Vapor Reynold’s number

Re_v = (G_bipolar*D_bipolarx)/ (sqrt(alpha_bipolar) = muv);

% Friction factor for laminar film

f_| = 64/Re_|;

% Vapor friction factor

f_v = 0.316xRe_v~(-0.25);

% Annular flow model

dPdz_| = (f_I+G_bipolar’2 = (1 — x)A2)/(2 + D_bipolar *pl); %Pa/m
dPdz_v = (f_v*G_bipolar’2 x x/2)/(2 * D_bipolar = pv); %Pa/m

% Martinelli parameter
Xm = (dPdz_l/dPdz_v)"0.5;

j_l = (G_bipolar* (1-x))/(pl* (1-alpha_bipolar)); %m/s
phi = (j_I*=mul)/sigma;

f_i = A= (Xm~a) = (Re_I"b) * (phirc) = f_I; % For laminar region

deltaP_bipolar_hor = 0.5+f_i*G_bipolar"2/pv * (x"2)/(alpha_bipolar2.5)
(1/D_bipolar) *L_bipolar_hor; % Pa
deltaP_bipolar_vert = 0.5xf_i+G_bipolar’2/pv = (x2)/(alpha_bipolar’2.5)

(1/D_bipolar) #L_bipolar_vert; % Pa
% Bend pressure drop in bipolar channel bends
Y% %o %o Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
bends = 16; % “L” bends
% Homogenous flow model
deltaP_bend_bipolar = kb ((G_bipolar*2)/(2 = pl)) * psi* bends; % Pa
% Net frictional pressure drop in channels
%% %o %Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

deltaP =deltaP_chan + deltaP_bend_in + deltaP_con_in + deltaP_decel + . . . deltaP_
bipolar_hor +deltaP_bipolar_vert + deltaP_bend_bipolar; % Pa

% Convert to bar
deltaP = deltaP = 1e-5
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Chapter Summary

When designing and modeling MEMS fuel cells, there are many properties
that need to be considered that could be neglected in the macroscale fuel
cell system models. Important micro fuel cell properties are surface effects,
dead volumes, bubbles, and the consideration of both gas and liquid phases.
In addition, the properties can differ greatly between 1 mm and 1 micron,
therefore, the system must take into account the necessary parameters.
Although micro fuel cells have been researched for several years, it appears
that this science is still in its infancy based upon the current micro fuel
cell designs in the literature. In order to progress in the area of micro fuel
cells, mathematical modeling needs to be an integral part of the design
process since most of the system variables cannot be measured. The lack
of measurements is due to the small scale of the system, and the inability
to measure internal variables while the system is operating.

Problems

¢ Design a micro fuel cell stack that has to operate at 50°C with air and
hydrogen pressures of 1 atm. The Pt/C loading is 1 mg/cm? and the cells
use the Nafion 117 electrolyte. The total power should be 2 W.

e Create a new MEMS fuel cell design based upon the concepts introduced
in this chapter. Describe the theory behind the design.

e Calculate the two-phase pressure drop for a bipolar plate with 25 chan-
nels and bends, with a length of 1 cm, width of 50 um, and depth of
50 um. The inlet flow rate is 0.5 mL/min.

e For Example 11-2, the bipolar plate is heated to 75°C. What would be
the new outlet parameters, and the associated pressure drop?
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CHAPTER 12

Modeling Fuel Cell Stacks

12.1 Introduction

As seen in the previous chapters, many parameters must be considered
when designing and modeling fuel cells. The calculations involved with
designing fuel cell stacks are very basic, but sometimes are unknown
to newcomers in the field. The most commonly used stack configuration
is the bipolar configuration, which is very similar to how batteries are
designed. There are also many alternative stack configurations, however,
the materials, designs, and methods of fabricating the components are
similar. When considering the design of a fuel cell stack, usually several
limitations should be considered. Some of these limitations may include
the following:

e Size, weight, and volume at the desired power
e Cost
e Water management
e Fuel and oxidant distribution
Figure 12-1 illustrates a PEM fuel cell stack.
This chapter explains the basics of modeling stack design, stack
clamping, and adequate fuel distribution.

12.2 Fuel Cell Stack Sizing

The sizing of a fuel cell stack is very simple; there are two independent
variables that must be considered—voltage and current. The known require-
ments are the maximum power, voltage, and/or current. Recall that power
output is a product of stack voltage and current:

Wic = V1 (12-1)
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FIGURE 12-1. Schematic of a PEM fuel cell stack.

Other initial considerations that are helpful when designing a fuel cell
stack are the current and power density. These are often unavailable ini-
tially, and can be calculated from the desired power output, stack voltage,
efficiency, and volume and weight limitations. The current is a product of
the current density and the cell active area:

[=i%Acn (12-2)

As mentioned previously, the cell potential and the current density
are related by the polarization curve:

Vcell = f(l) (12'3)

Figure 12-2 shows example polarization curves for single PEM fuel
cells from the literature. Most fuel cell developers use a nominal voltage
of 0.6 to 0.7 V at nominal power. Fuel cell systems can easily be designed
at nominal voltages of 0.8 V per cell or higher if the correct design, materi-
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FIGURE 12-2. Polarization curves for PEM fuel cell single cells'*?.

als, operating conditions, balance-of-plant, and electronics are selected.
Balance-of-plant components, are discussed in Chapter 13.

12.3 Number of Cells

The number of cells in the stack is often determined by the maximum
voltage requirement and the desired operating voltage. The total stack
potential is a sum of the stack voltages or the product of the average cell
potential and number of cells in the stack®*:

Neell _
Vst = 2 Vi = Vcell >kl\Icell (12"4)

i=1

The cell area must be designed to obtain the required current for the
stack. When this is multiplied by the total stack voltage, the maximum
power requirement for the stack will be obtained. The average voltage and
corresponding current density selected can have a large impact upon stack
size and efficiency. The fuel cell stack efficiency can be approximated with
the following equation:

Vcell
pack = —L 125
LY (12-5]
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EXAMPLE 12-1: Designing the Fuel Cell Stack

Design a fuel cell with a voltage, current, cell area, and number of cells
to power a scooter with a power requirement of 5.9 kW.

The number of cells depends upon the required operating voltage.
The electric scooter industry in Taiwan is standardizing on 48-V electric
motors, so the number of cells is chosen to have the stack operate in the
vicinity of 48 V at the most common power demand. Note that in a fuel
cell, as the total power output changes, the voltage varies as well®.

Using MATLAB to solve:

%% %o %Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 12-1: Designing the Fuel Cell Stack

% UnitSystem SI

%% %o %0 %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

Power = 5900; % Required stack power (W)
Voltage = 48; % Stack Voltage (V)

V_cell = 0.6; % Cell voltage

i=0.5; % Current Density (A/lcm/2)

% Calculate the required stack current

| = Power / Voltage; % The current is the power divided by the voltage
% Assume that the fuel cell voltage is 0.6 V per cell
N_cells = Voltage/V_cell;

% Assume the current density is 0.5 A/cm”2, therefore, the
current needed per cell is

i_cell = I/N_cells;
% The area required per cell is

A_cell = i_cellli; % cm”~2

12.4 Stack Configuration

In the traditional bipolar stack design, the fuel cell stack has many cells in
series, and the cathode of one cell is connected to the anode of the next
cell. The MEAs, gaskets, bipolar plates, and end plates are the layers of the
fuel cell. The stack is held together by bolts, rods, or another pressure



Modeling Fuel Cell Stacks 339

device to clamp the cells together. When contemplating a fuel cell design,
the following should be considered®:

¢ Fuel and oxidant should be uniformly distributed through each cell,
and across its surface area.

e The temperature must be uniform throughout the stack.

e If designing a fuel cell with a polymer electrolyte, the membrane
must not dry out or become flooded with water.

e The resistive losses should be kept to a minimum.

e The stack must be properly sealed to ensure no gas leakage.

e The stack must be sturdy and able to withstand the necessary envi-
ronments it will be used in.

The most common fuel cell configuration is shown in Figure 12-3 and has
been shown throughout the book. Each cell (MEA) is separated by a plate
with flow fields on both sides to distribute the fuel and oxidant. The fuel
cell stack end plates have only a single-sided flow field. The majority of
fuel cell stacks, regardless of fuel cell type, size, and fuels used, is of this

configuration.
\_'_1 \_'_1
MEA MEA

Bipolar
Plate

FIGURE 12-3. Typical fuel cell stack configuration (a two-cell stack]).
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12.5 Distribution of Fuel and Oxidants to the Cells

Fuel cell performance is dependent upon the flow rate of the reactants.
Uneven flow distribution can result in uneven performance between cells.
Reactant gases need to be supplied to all cells in the same stack through
common manifolds. Some stacks rely on external manifolds, while others
use an internal manifolding system. One advantage of external manifolding
is its simplicity, which allows a low pressure drop in the manifold, and
permits good flow distribution between cells. A disadvantage is that the
gas flows may flow in crossflow, which can cause uneven temperature
distribution over the electrodes and gas leakage. Internal manifolding dis-
tributes gases through channels in the fuel cell itself. An advantage of
internal manifolding is more flexibility in the direction of flow of the gases.
One of the most common methods is ducts formed by the holes in the
separator plates that are aligned once the stack is assembled. Internal
manifolding allows a great deal of flexibility in the stack design. The main
disadvantage is that the bipolar plate design may get complex, depending
on the fuel flow channel distribution design. The manifolds that feed gases
to the cells and collect gases have to be properly sized. The pressure drop
through the manifolds should be an order of magnitude lower than the
pressure drop through each cell in order to ensure uniform flow distribu-
tion. When analyzing the flow for the cells’:

1. The flow into each junction should equal the flow out of it.

2. The flow in each segment has a pressure drop that is a function of
the flow rate and length through it.

3. The sum of the pressure drops around a closed loop must be
ZETO0.

Some of the factors that need to be considered when designing manifold
stacks include manifold structure, size, number of manifolds, overall gas
flow pattern, gas channel depth, and the active area for electrode reactions.
The manifold holes can vary in shape from rectangular to circular. The area
of the holes is important because it determines the velocity and type of
flow. The flow pattern is typically a U-shape (reverse flow), where the
outlet gas flows in the opposite direction to the inlet gas, or a Z-shape
(parallel flow), where the directions of the inlet and outlet gas flows are the
same as shown in Figures 12-4 and 12-5. The pressure change in manifolds
is much lower than that in the gas channels on the electrodes in order to
ensure a uniform flow distribution among cells piled in a stack®’.

The pressure drop, flow rates, velocity, and mole fractions can be calcu-
lated in a similar manner to the equations introduced in Chapters 5, 10, and 11.
The pressure drop can be calculated from the Bernoulli equation as follows:

[u(i)]* - [ufi -1)P [ufi-1)P
2 2

AP(i)=—p +fp£[u(2i)]2 +K¢p (12-6)
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FIGURE 12-4. A U-type manifold.

Stack Inlet

- Stack Outlet

FIGURE 12-5. A Z-type manifold.

where p is the density of the gas (kg/m?®), v is the velocity (m/s), f is the
friction coefficient, L, is the length of the segment (m), Dy is the hydraulic
diameter of the manifold segment (m), and K; is the local pressure loss
coefficient.

For laminar flow (Re < 2300), the friction coefficient f for a circular
conduit (as mentioned previously) is:

f= 64 (12-7)

Re

The walls of the fuel cell manifolds are considered “rough” when

the stack has bipolar plates that are clamped together. The friction coeffi-

cient for turbulent flow is a function of wall roughness. The friction
coefficient is

1

f= 2 12-8
(1.14—210g£) (12-8]
D

where % is the relative roughness, which can be as high as 0.1.
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EXAMPLE 12-2: Transient Pressure Drop Model

Create a transient MATLAB program that will calculate the pressure
drop of six fuel cell layers. Use the fuel cell parameters introduced in
Example 10-3 in Chapter 10. The code created in this example can act
as a start for a program that calculates the flow rates, velocities, mass
flows, and pressure drops through the layers in a fuel cell stack. Plot the
flow rates after a 20 and 120 second simulation time.

The pressure drops into and out of each fuel cell layer need to be
calculated. The pressure drop for a circular channel is:
‘—/2

L
AP=f Y 3K
D, 2 Py

where the hydraulic diameter is:
and Reynold’s number is:
The friction factor is:

Using MATLAB to solve:

%%0%0 %0 %o %o %o %o Yo Yo Yo Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% EXAMPLE 12-2: Transient Pressure Drop Model

% UnitSystem SI

%% %% %o %o %o %o Yo Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Inputs

function [t,P] = flow
% FUELCELL Fuel Cell Stack pressure and velocity model
% Best viewed with a monospaced font with 4 char tabs.

%%% %0 %0 %o %o %o %o %o %o %o %0 %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %o %0 %0 %o Yo Yo Yo % %o
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% Constants

const.N = 6; % Number of layers

const.tfinal = 50; % Simulation time (s)

const.R = 8.314472; % ldeal gas constant (J/K-mol)

const.v_H2_in = 1.7e-8; % Volumetric flow rate of wet hydrogen (m~3/s)
const.v_air_in = 1.e-8; % Volumetric flow rate of air (mA3/s)
const.P_tot = 2; % Total pressure (bar)

const.Tf_in = 353.2; % Initial fluid temperature (K)

const.Tf_air = 273.5; % Initial air temperature (K)

const.mu_H2 = 8.6e-6; % Viscosity of wet hydrogen (Pa-s)
const.mu_air = 8.6e-6; % Viscosity of air (Pa-s)

const.be = 0; % # of bends in channel

const.rho = 0.08988; % Density of hydrogen (kg/m/3)

%const.damp = 0.6; % ODE solver damping factor (to avoid ringing of the
solution)

% Convert volumetric flow rate to molar flow rate using ideal
gas law

const.n_air_in =  const.v_air_in*(const.P_tot./const.Tf_air) * (1/0.083 1) * 1000;
% mol/s

% Convert volumetric flow rate to molar flow rate using ideal
gas law

const.n_H2_in = const.v_H2_in*(const.P_tot./const.Tf_in) *(1/0.083 1) * 1000;
% mol/s

% Layers

% 1 — Left end plate

% 2 — Gasket

% 3 — Contact (Copper)
% 4 — Contact

% 5 — Gasket

% 6 — End plate

% Parameters defined at the layer boundaries

% 1234567
% Gas temperature
param.T_f = [353.2, 353.2 353.2 353.2, 353.2, 353.2, 353.2];

% Parmeters defined at the layer centers

% 123456
% Area (m"2)
param.A = [0.0367, 0.0367, 0.0367, 0.0367, 0.0367, 0.0367];

% Channel Area (m”2)

param.Ach = [1.5708e-006, 1.5708e-006, 1.5708e-006, 1.5708e-006, 1.5708e-
006, 1.5708e-006];
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% Thickness (m)

param.thick = [0.025, 0.025, 0.002, 0.002, 0.025, 0.025];

% Number of slices within layer

param.M =[1, 1, 1, 1, 1, 1];

% Channel radius

param.r = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel width (rectangular channels)

param.wc = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel depth (rectangular channels)

param.dc = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
% Channel length

param.L = [0.000625, 0.000625, 0.000625, 0.000625, 0.000625, 0.000625];
Y% %o % %o %o %o Yo %o Yo %o Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Grid definition

% x — interslice coordinates
% n — molar flow rates at slice boundary

%% % %o %0 %0 %o %o %0 %o %o %o %0 %o %o %o %o Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo

% Grid up mass flows. Assume each layer abuts the

% next one. The mass flow rate is at the boundary of each slice. x is at the

% edge of each slice (like a stair plot).

x =0;

layer = [];

for i = 1:const.N,

x =[x, x(end) + (1:param.M(i)) * param.thick(i)/param.M(i)]; %Boundary points
layer = [layer, i*ones(1,param.M(i))];

end

% Slice thicknesses
dx = diff(x); %gives approximate derivatives between x’s
% Initial pressure (defined at layer boundaries)

P = zeros(size(x)); % Pressure
u_m = zeros(size(x)); % Velocity
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% Intial pressure equals the outside pressure

P(1) = const.P_tot; % mol/s
P(end) = const.P_tot; % mol/s

% Mean velocity in a channel with area A and molar flow rate
of MOL. P is the pressure and T is the temperature

% Use ideal gas law to calculate initial velocity of hydrogen coming in

u_m(1) = (const.n_H2_in ./ (const.P_tot ./ const.Tf_in*(1/0.083 1) * 1000))./ param.
A(1); % mA3/s

u_m(end) = (const.n_air_in ./ (const.P_tot ./ const.Tf air#(1/0.0831)1000))./
param.A(end); % mA3/s

f = @(t,P) pressure(t,P,u_m,x,layer,param,const,dx’);

options = odeset(‘OutputFcn’, @ (t,P,opt) pressureplot(t,P,opt,x));
[t,P] = oded45(f, [linspace(0,const.tfinal,100)], P, options);

end % of function
%

function dPdt = pressure(t,P,u_m,x,layer,param,const,dx)
% Pressure calculations for fuel cell

% Make a convenient place to set a breakpoint

if (t > 30)
s=1,;
end

% Preallocate output
dPdt = zeros(size(P));

% Fluid flows from left to right for layers 1-3 and
% right to left for layers 4-6

inlet = [find(layer < 4) find(layer > 3)+1];

outlet = [find(layer < 4)+1 find(layer > 3)];

% Treat P as a row vector
P =P();

% Calculate outlet pressure drop in flow channel from each layer

% Calculate velocity (m/s) % Calculation is on the flows into and out of each

% block

u_m(outlet) =6+ u_m(inlet) * (x(outlet)/param.dc(layer)-(x(outlet)/param.dc(layer))*2);
% velocity (m/s)

%Hydraulic diameter % Calculation is dependent upon the number of layers
Dh_outlet = (4:*param.Ach(layer))./(2 = pi*param.r(layer)); %circular flow channel

(m)
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%Reynold’s number at the channel exit
Re_outlet = (const.rho .*u_m(outlet) . * Dh_outlet)./ const.mu_H2;

%Friction Factor
f_outlet = 64./Re_outlet; %for circular channels

%Pressure Drop
Kl_outlet = const.be *30*f_outlet(layer);

P_outlet = (f_outlet. * param.thick(layer)./ Dh_outlet). # const.rho. * ((u_m(outlet).~2)./
2)+(KI_outlet.  const.rho. * ((u_m(outlet).A2)./ 2)); %bar

%% % %0 %0 %o %o %o %o Yo %o %o %0 %0 %0 %0 %o Yo Yo Yo Yo Yo Yo Yo Yo %o %0 %0 %o Yo Ve %o % %o
%

% Combine into rate of change of P
%

% Do this in a loop since more than one layer outlet may contribute to
% a given element of dPdi.
for i = 1:length(outlet)
dPdt(outlet(i)) = dPdt(outlet(i)) + P_outlet(i) — P(outlet(i));
end

% Use damping factor to help numerical convergence
%dPdt = const.damp *dPdlt;

end % of function
%

function status = pressureplot(t,P,opt,x)
if isempty(opt)
plot(t,P), title([‘t = ’,num2str(t)]), hold on

status = 0;
drawnow
end

end % of function

12.6 Stack Clamping

The stacking design and cell assembly parameters significantly affect the
performance of fuel cells. Adequate contact pressure is needed to hold
together the fuel cell stack components to prevent leaking of the reactants,
and minimize the contact resistance between layers. The required clamping
force is equal to the force required to compress the fuel cell layers
adequately while not impeding flow. The assembly pressure affects the
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characteristics of the contact interfaces between components. If inadequate
or nonuniform assembly pressure is used, there will be stack-sealing prob-
lems, such as fuel leakage, internal combustion, and unacceptable contact
resistance. Too much pressure may impede flow through the GDL, or
damage the MEA, resulting in a broken porous structure and a blockage of
the gas diffusion passage. In both cases, the clamping pressure can decrease
the cell performance. Every stack has a unique assembly pressure due to
differences in fuel cell materials and stack design. Due to thin dimensions
and the low mechanical strength of the electrodes and electrolyte layer
versus the gaskets, bipolar plates, and end plates, the most important goal
in the stack design and assembly is to achieve a proper and uniform pres-
sure distribution.

12.6.1 Clamping Using Bolts

The most common method of clamping the stack is by using bolts. When
considering the optimal clamping pressure on the properties of the fuel cell
stack, sometimes an overlooked factor is the torque required for the bolts,
and the factors that contribute to the ideal torque. The optimal torque is
not merely due to the ideal clamping pressure on the fuel cell layers, but
it is also affected by the shape and material of the bolt and nut, the bolt
seating and threading, the stack layers, thickness, and number of layers.
Materials bolted together withstand moment loads by clamping the sur-
faces together, where the edge of the part acts as a fulcrum, and the bolt
acts as a force to resist the moment created by an external force or moment.
Figure 12-6 shows forces exerted by the clamped materials (fuel cell layers)
on a clamping bolt and nut.

Tightening the bolts stretches the bolts and compresses the stack
materials. If an external force is applied to the stack, the optimal torque
usually means that the stack stays compressed. This ensures proper stiff-
ness of the stack. Figure 12-7 shows how the region under a bolt head acts
like a spring.

12.6.2 Force Required on the Stack for Optimal Compression
of the GDL

The contact resistance and GDL permeability are governed by the material
properties of the contacting GDL and bipolar plate layers. The contact
resistance between the catalyst and membrane layers is low because they
are fused together, and the contact resistance between the bipolar plates
and other layers is low because the materials are typically nonporous with
similar material properties (high density, with similar Poisson’s ratios and
Young’s moduli). The GDL and the bipolar plate layers have several char-
acteristics that make the contact resistance and permeability larger than
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FIGURE 12-6. The forces exerted by the clamped materials (fuel cell layers) on the
bolt and nut.

between the other layers: (1) the Poisson’s ratios and Young’s moduli have
large differences (a hard material with a soft material); (2) the GDL layer is
porous, and the permeability has been reduced due to the reduction in pore
volume or porosity; and (3) part of the GDL layer blocks the flow channels
that are in the bipolar plate creating less permeability through the GDL as
the compression increases.

The amount of compression of the GDL and bipolar plate material
layers can be determined using a Herzian compression equation. The cal-
culations assume that the surfaces in contact are not perfectly smooth, that
the elastic limits of the materials are not exceeded, that the materials are
homogeneous, and that there are no frictional forces within the contact
area. The compression formula for two spheres in contact is:

1/3
Cleomp = (3”) BV 4V, 3 (L_,.L) (12-9)
D, D,
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FIGURE 12-7. The forces exerted by the clamped materials and bolt.

where oom, is the total elastic compression at the point of contact of
two bodies, measured along the line of applied force, F is the total applied
force, D is the diameter of the active area of the material (width of
MEA), and

(1-v?)
7E

(12-10)

where v is Poisson’s ratio, and E is the Young’s modulus.

As shown in Figure 12-8, both the in-plane and through-plane conduc-
tivities increase as the compressed thickness of the GDL was decreased.
The conductivities have a linear dependence on the GDL compressed thick-
ness. This may be due to the reduced porosity of the GDL, which leads to
shorter distances between conductive carbon fibers and better contact
between the fibers.

12.6.3 The Stiffness of Bolted Layers

In order to accurately determine the ideal clamping pressure (tightening
torque) for a fuel cell stack, the stiffness of the materials between the bolts
has to be estimated. The stiffness of the materials includes the compressive
stiffness of the materials under the bolt head in series with the stiffness of
the physical interface, which increases with pressure, and the stiffness of
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Conductivity and Permeability as a Function of GDL Compressed
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FIGURE 12-8. Conductivity and permeability as a function of GDL compressed
thickness.

the threaded material. Some of the dimensions used in the bolt and layer
stiffness calculations are shown in Figure 12-9.

In order to determine the stiffness of the cone-like section under the
bolt head, the first step is to calculate the stiffness of each layer of the fuel
cell stack:

4xh
Kiager = ﬁy — (12-11)
”E(dbolthcad * (dbolthcad +2 StTaCk *COos (ﬁ)) - d%ote )
Kip = 4 e 12-12)

. 2
”Emod ((Deseat + (}lStaCk‘O'Q‘)) - %OICJ
2

where ki, is the stiffness of the fuel cell layer (such as the end plate or
bipolar plate), hyy. is the thickness of that particular layer, E,.q is the
modulus of elasticity in tension (MPa) of the material, dpgjheaq is the diam-
eter of the bolt head, hy,. is the stack thickness (total thickness of all
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FIGURE 12-9. Dimensions used in the bolt and layer stiffness calculations.

materials), o is the effective cone angle, De,,, is the outer diameter of the
seating face, and dy.,. is the clearance hole diameter.

The stiffness of the bolt, head, shaft, and nut is calculated in a similar
fashion. The tensile stiffness of the bolt shaft is:

2
dboltfdia E
T —F bolt

2
Rioleshate = L (12-13)
bolt
4% Ly,
Kpolshate = ———5—— b (12-14)
dolt_dia

, Epolc 1s the Young’s

where dyop gia is the bolt diameter (dboh_dia = wj
modulus of the bolt, and Ly, is the bolt length. The shear stiffness of the
bolt head is:

hiolhead TEbolt (12-15)

1 olthead = 77 1. 1 /A1
Cholthead = ] Vo #1n(2)
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1.5
Kpotthead = ———— (12-16)

7% dbore_dia

where hpgjhead 18 the thickness of the bolt head, E,, is the Young’s modulus
of the bolt, and v, is the Poisson’s ratio of the bolt. The shear stiffness in
the nut is:

knut — hnut”Ebolt (12_1 7)
(14 Vioie ) *In(2)
I~ 18 (12-18)
TT* dpitch
The total stiffness of the stack is:
ko = N
ack ™ kendplate +kgasket +kcontact +kffplate +kGDL +kmem +kGDL +kffplate +kcontact +kgasket +kendplate

(12-19)

where N is the number of bolts in the stack. The stiffness of the bolt shaft
in tension, and the head and nut (if a nut is used) in shear, all act in series,
so their stiffness combines to give the total stiffness of the bolt:

Ebolt

(12-20)
Rioteshate + Kbolthead + Knue

kbolt =

As the stack thickness increases, the length of the bolt to pass through
the stack thickness also increases, so the bolt stiffness decreases in a linear
fashion. On the other hand, the diameter of the strain cone increases, which
offsets much of the height increase, and the stack stiffness decreases far
more slowly than that of the bolt.

The ratio of flange to bolt stiffness is:

ko= Kook (12-21)
Ryorc

The total stiffness can be expressed by:

ktot = kbolt + kstack (12'22)

12.6.4 Calculating the Tightening Torque
The stiffness of the group of surcharged parts of the stack is:

1 +(1—n)

- (12-23]
kbolt kstack

Ci
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where n is the coefficient of implementation of the operational force (0.5).
The resulting stiffness of the group of relieved parts of the stack is:

C= Ktack. (12-24)
n
The part of the operational force relieving the clamped parts is:

F*CZ

, = (12-25)
(ci+c,)

where F is the force required for the ideal compression of the GDL by 75
microns (from figure 12-8). The bolt seating coefficient is calculated by:

% (Deseat + Diseat )

5 (12-26)

Mear; = M

where De,.,. is the outer diameter of the seating face, Dig. is the inner
diameter of the seating face, and m, is the friction coefficient in the seating
face of head (nut) of the bolt.

The assembly force of the stack can be calculated by:

FO = qa*F*Fz + FOT + 005 (12-27)

where q, is the desired coefficient of tightness, and Fyr is the change of force
required due to the heating of the connection. Fyr was assumed to be zero
for all of the calculations since the stacks used for validating the model
were all air-breathing fuel cell stacks tested at room temperature. The bolt
seating is calculated by:

Mseat = Mear * FO (12-28)
The tightening torque is then:

thrpitch *TTE dpitch *1My

M= FO >I<dpitch >I<1vxseat * (12-29)

TT* dpitch - thrpitch *my

where F; is the assembly force of the stack, d,i is the pitch diameter,
thr., is the thread pitch, and my is the friction coefficient in thread (0.15).

12.6.5 Relating Torque to the Total Clamping Pressure

The average interface contact pressure, P,,, can be calculated by dividing
the total clamp force (product of the number of bolts, and the individual
bolt clamp force) with the interface contact area, A;,>°:
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N*F,

Pavg =
Aint

(12-30]

The average contact pressure is a linear function of bolt torque.

TABLE 12-1
Material Properties Used for Material Stiffness and Compression Calculations for
Example 12-3

Fuel Cell Layer/Material Thickness Modulus of Young’s  Poisson’s

(mm) Elasticity in Modulus Ratio
Tension (MPa)  (N/mm?)
Polycarbonate end plate 10 2896 2200 0.37
Gasket: black conductive 1 2 100 0.48
rubber
SS flow field plate 0.5 206,000 200,000 0.31
Carbon cloth 0.4 2 300 0.4
Nafion 0.05 2 236 0.487
Carbon cloth 0.4 2 300 0.4
SS flow field plate 0.5 206,000 200,000 0.31
Gasket: black conductive 1 2 100 0.48
rubber

Polycarbonate end plate 10 2896 2200 0.37
TABLE 12-2
Bolt Properties Used for Bolt Stiffness and Torque Calculations for Example 12-3
Property Stack Bolts
No. of bolts 4
Material SS 316
Hex key size 5/32"
Bolt diameter (mm) 4.826
Bolt thread root diameter (mm) 3.451
Thread pitch 1.058
Pitch diameter (mm) 4.139
Bolt head diameter (mm) 8
Thickness of bolt head (mm) 5
Bolt length (between bolt head & nut) (mm) 25
Outer diameter of annulus seating face (mm) 7.925
Inner diameter of annulus seating face (mm) 5.232
Nut thickness (mm) 3

Bolt clearance hole (mm) 5.232
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EXAMPLE 12-3: Calculate Optimal Tightening Torque

Using the parameters given in Tables 12-1 and 12-2, calculate the optimal
tightening torque for the stack using equations 12-9-12-30.
Using MATLAB to solve:

% %% %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 12-3: Calculate the Optimal Tightening Torque

% UnitSystem SI

%% %o %o %o %o %o Yo %o %o Yo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

%Design of optimal bolt connection through stack. Force and pressure applied to
the stack

%The bolt is connected with a through bolt, and the loading is in the bolt axis. The
course of loading is static.

clear;

N = 4; % number of bolts

% Material properties of the bolt
% %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Material of bolt

E_bolt = 200000; % Young’s Modulus of the bolt (N/mm)
v_bolt = 0.31; % Poisson’s ratio of the bolt
Em_bolt= 210000; % Modulus of elasticity in tension (MPa) or 30000 ksi

% Bolt and Thread Parameters

dia_bolt = 4.826; % Thickness

dia_rt = 3.451; % bolt thread root diameter (mm)
thread_pitch = 1.058; % Thread Pitch

pitch_dia = 4.139; % Pitch diameter

dbolthead = 8; % Bolt head diameter (mm)

hnut = 3; % Nut thickness (0 if threaded into flange)
hbolthead = 5; % Thickness of bolt head (mm)

Lbolt = 35; % Bolt length

L_bolt = 25.4; % Bolt length between the bolt head and nut

% Geometry of the bolt connection — Calculated for annulus
seating face

seatDe = 7.925; % Outer diameter of the seating face (mm)
seatDi = 5.232; % Inner diameter of the seating face (mm)
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% bolt hole

dbore = 5.232; % Bolt clearance hole (mm)

alpha = 45; % Cone angle

ga = 0.5; % Desired coefficient of tightness

n = 0.5; % Coefficient of implementation of the operational force

mi = 0.150; % Friction coefficient in thread

mc = 0.150; % Friction coefficient in seating face of head (nut) of the
bolt

% Material properties of end plate (polycarbonate)
%% %o %0 %0 %o Yo %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

Em_end = 2896; % Modulus of elasticity in tension (MPa)
thick_end = 10; % Thickness (mm)

%Material properties of rubber gasket
%% %o %0 %0 %o Yo %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

Em_gask = 2; % Modulus of elasticity in tension (MPa)
thick_gask = 1; % Thickness (mm)

% Material properties of stainless steel
%% %o %0 %0 %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

Em_nia = 206000; % Modulus of elasticity in tension (MPa) or 30000 ksi
thick_nia = 0.5; % Thickness (mm)

% Material properties of carbon cloth
%% %o %0 %0 %o Yo %o %o Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

Em_cc = 2; % Modulus of elasticity in tension (MPa) or 0.3 ksi
thick_cc = 0.4; % Thickness (mm)

% Material properties of Nafion
%% %o %0 %0 %o Yo %o %o Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

Em_naf = 2; % Modulus of elasticity in tension (MPa) or 0.3 ksi
thick_naf = 0.05; % Thickness (mm)

% Stiffness calculations
%% %o %0 %0 %o Yo %o %o Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Total thickness of parts

tot_thick = (thick_end + thick_gask + thick_nia + thick_cc + thick_naf + thick_cc +
thick_nia + thick_gask + thick_end);
De = seatDe + (tot_thick*0.2)/2;
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% Bolt stiffness

boltdia = (pitch_dia + dia_rt)/2;

nut =1.8/(pi * pitch_dia);

head = 1.5/(pi* boltdia);

kboltshaft = (4 L_bolt)/(pi* boltdia’2);
cb = Em_bolt/(kboltshaft + head + nut);

% Calculate stiffness of each part

kcomp_end=(4 *thick_end)/(pi * (De”2-dbore/2) =+ Em_end);

kcomp_gask =(4 = thick_gask)/(pi* (De”2-dbore”2) * Em_gask);

kcomp_nia = (4 *thick_nia)/(pi* (De’2-dbore/2) + Em_nia);

kcomp_cc = (4 =thick_cc)/(pi:* (De”2-dbore”2) = Em_cc); %multiply by the area
kcomp_naf = (4 xthick_naf)/(pi:* (De”2-dbore”2) = Em_naf);

% Total stiffness of the clamped parts

cmi1 = 1/(kcomp_end + kcomp_gask + kcomp_nia + kcomp_cc + kcomp_naf +
kcomp_cc + kcomp_nia + kcomp_gask + kcomp_end);

cm = N/(kcomp_end + kcomp_gask + kcomp_nia + kcomp_cc + kcomp_naf +
kcomp_cc + kcomp_nia + kcomp_gask + kcomp_end);

kjoint = cb + cm1; % total layers stiffness

% Force calculations
% %% Yo %o %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

d_gdl = 40; % diameter (mm)

d_bpp = 40; % diameter (mm)

rho_GDL = 1.1e4; % Electrical resistivity through plane (800 u-ohm-m) uohm
mm

rho2 = 300; % Electrical resistivity through plane of bipolar plate (190 u-
ohm-m) uohm mm

void = 0.8; % GDL porosity

E_gdl = 3; % Young’s modulus of carbon cloth (3 GPa)

E_bpp = 200; % Young’s modulus of stainless steel

v_gdl = 0.4; % Poisson’s ratio of Carbon Cloth

v_bpp = 0.31; % Poisson’s ratio of stainless steel

V_gdl =(1-(v_gdin2))/(pi* E_gdl);

V_bpp =(1-(v_bpp"2))/(pi+ E_bpp);

% Amount of compression in microns

alpha = (((8*pi)N2/3))/2* (F_bolt_max~(2/3))*((V_gdl + V_bpp)N2/3))=((1/d_
gdl)+(1/d_bpp))(1/3)) =10

% Electrical constriction resistance of the single contact

rho1 = rho_GDL* (1 — void)*.5; % transverse electrical resistivity of GDL
r=d_gdl/2;
Resist = (rho1 + rho2)./(4 .*r) % Resistivity
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% Maximum force

F_bolt_max = 310; % compression is 75.92 um GDL, Resistivity = 16.05
%% %0 %o %0 %o %o %o Yo %o Yo %o Yo Yo %o Yo o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Tightening torque calculation

%% %0 %o %o %o %o %o Yo %o Yo %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

c1 = 1/((1/cb) + ((1-n)/cm)); % Resulting stiffness of the group of surcharged
parts of the joint
c2 = cm/n; % Resulting stiffnes of the group of relieved

parts of the joint
F2 = F_bolt_max=*c2/(c1 + c2); % Part of operational force relieving clamped

parts

mseat1 = mc* (seatDe + seatDi)/2;

FOT = 0O; % Change of prestressing due to the heating of
the connection

FOL = 0; % Loss of prestressing due to the deformation

of the connection
FO = ga*F_bolt_max + F2 + FOT — FOL + 0.5 % Assembly prestressing of the joint
(N)—based upon axial load only
Mseat = (mseat1 = F0)/(2+1000);

% Tightening torque

M = FO = pitch_dia* (thread_pitch * pi * pitch_dia * mi)/(pi * pitch_dia — thread_pitch mi)/
(2%1000)+ Mseat

% N-m
Mm = 141.61+M % oz-in
% Average interface contact pressure using bolt clamp force

F = FO/1000; % Force in kN

w = 8/100; % width in m

| = 8/100; %length in m

A_int = wl; %omA2

P_avg_MPa = (N*F /A_int)/1000 % MPa
P_avg_bar = P_avg_MPa*10

Figure 12-10 shows the actual polarization curves of the PEM fuel cell
stack described in Example 12-3 under five different clamping pressures.
The current is dynamically stable for four of the five clamping pressures.
The lowest clamping pressure of 0.20 Nm (28 oz-in) displayed the worst
I-V performance, due to mass-transfer limitations and high contact resis-
tance. The polarization curves continuously increase until a torque of
0.25 Nm (36 oz-in) is reached. As the torque continues to increase to
0.31 Nm (44 oz-in), the polarization curves again begin to decrease.
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FIGURE 12-10. Polarization curves with tightening torques of 0.20 to 0.31 Nm
(28 0z-in to 44 oz-in).

TABLE 12-3

Calculated Force, Tightening Torque, and Contact Pressure

Total force on the stack 310.8 N

Optimal tightening torque 36.35 oz-in (0.257 N-m)
Average interface contact pressure 0.194 MPa (1.94 bar)

The material and bolt properties from Tables 12-1 and 12-2 were
entered into the numerical model in Example 12-3, and the optimal force,
pressure, and tightening torque were calculated. The results are shown in
Table 12-3.

The values in Table 12-3 show that the calculated optimal tightening
torque matches the tightening torque associated with the best fuel cell I-V
curve in Figure 12-10.

Chapter Summary

Many parameters must be considered when designing a fuel cell. Some of
the most basic design considerations include power required, size, weight,
volume, cost, transient response, and operating conditions. From these
initial requirements, the more detailed design requirements (such as the
number of cells, material and component selections, flow field design, etc.)
can be chosen. The most commonly used stack configuration is the bipolar
configuration, which has been described in previous chapters. Common
manifold types for even reactant flow through the cell and alternate cell
interconnections for electron flow through the stack are also presented.



360 PEM Fuel Cell Modeling and Simulation Using MATLAB®

Although it is not emphasized in the literature, the clamping pressure is a
critical parameter for optimal fuel cell performance. A model was created
to estimate the optimal torque, and to emphasize how the mechanical
characteristics of the stack, bolts, and pressure have a substantial affect on
fuel cell performance.

Problems

e Design a fuel cell stack that has to operate at 80°C with air and hydro-
gen pressures of 1 atm. The Pt/C loading is 1 mg/cm?” and the cells use
the Nafion 117 electrolyte. The total power should be 250 W.

e Design a PEMFC stack that has to operate at 0°C. The total power
should be 250 W.

e Design a PEMFC stack that has to operate at 60°C and 3 atm. The total
power should be 100 W.

e Design a PEMFC stack that has to operate at 25°C and 1 atm. The total
power should be 50 W.
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CHAPTER 13

Fuel Cell System Design

13.1 Introduction

In order to obtain optimum performance from a fuel cell stack, the hydro-
gen and oxidant flow, water removal, and the voltage output should be
optimized using external plant components. Fuel cell system designs range
from very simple to very complex depending upon the fuel cell application
and the system efficiency desired. A fuel cell system can be very efficient
with a few plant components, as shown in Figure 13-1. Usually, the larger
the fuel cell stack, the more complex the fuel cell plant subsystem. Model-
ing the fuel cell system efficiency and output allows the system designer
to be more efficient when creating new systems.

Most of the fuel cell system components shown in Figure 13-1 are
used to distribute air and hydrogen flows into and out of the fuel cell stack.
The part of the fuel cell system that is responsible for air flow includes a
particulate filter for cleaning the system, humidification module, and a
pressure transducer. There is also a pump to ensure an adequate supply of
air into the fuel cell stack. The hydrogen flows into the fuel cell stack using
a pressurized tank. A mass flow controller should be installed in this
system to monitor the flow rate. The water and hydrogen coming out of
the system are cleaned and the pressure is monitored before it exits the
system'.

As the fuel cell system increases in size, it becomes more complex as
the temperature, pressure, water, and heat become more problematic, and
need to be monitored more closely. In addition, if a carbon-based fuel is
converted to hydrogen for electrical power and heat, fuel processing units
and gas cleanup units may be necessary. Other additional components often
found in fuel cell plant include: heat exchangers, pumps, fans, blowers,
compressors, electrical power inverters, converters and conditioners, water
handling devices, and control systems.

Only a few sensors and pressure transducers are included in Figure
13-1. A fully developed control system will consist of thermocouples,



366 PEM Fuel Cell Modeling and Simulation Using MATLAB®

Oxidant Air Oxidant Air Air Pressure Particulate Humidification
Filter Pump Transducer Filter Module

Oxidant Ai W
¥
DC/DC P
Hydrogen PEM Fuel Cell ' - >

Tank Stack
- External Product

Check Water Vent
Valve

Purge Particulate

Filter

Pressure

Transducer

H, Purge

Valve

External Hp
Purge

FIGURE 13-1. Simple PEM fuel cell system?.

pressure transducers, methanol/hydrogen sensors, and mass flow con-
trollers, which will measure and control data using a data acquisition
program. As described in Chapters 7 through 12, the fuel cell catalyst,
membranes, and flow field plates are very important areas for fuel cell
design, modeling, and improvement, but stack optimization is equally
important. This chapter focuses on modeling these important
subsystems.

13.2 Fuel Subsystem

As seen in Figure 13-1, the fuel subsystem is very important because the
reactants may need to undergo several processes before they are ultimately
delivered to the fuel cell with the required conditions. Plant components
such as blowers, compressors, pumps, and humidification systems have to
be used to deliver the gases to the fuel cell with the proper temperature,
humidity, flow rate, and pressure. Other plant components, such as tur-
bines, are also useful because they can harness energy from the heated
exhaust gases leaving the fuel cell. This chapter describes these plant com-
ponents and gives some of the relevant equations needed for producing
quick models for the fuel cell plant subsystem.
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13.2.1 Humidification Systems

In PEM fuel cells, a hydrogen humidification system may be required to
prevent the fuel cell PEM from dehydrating under the load. As discussed
previously, water management is a challenge in the PEM fuel cell because
there is ohmic heating under high current flow, which will dry out the
polymer membrane and slow ionic transport. Some fuel cell stacks may
not require any humidification due to water generation at the cathode. In
larger fuel cell systems, either the air or the hydrogen or both the air and
hydrogen must be humidified at the fuel inlets. The gases can be humidi-
fied by bubbling the gases through water, water or steam injection, flash
evaporation, or through a water/heat exchanger device. Examples of these
humidification methods are shown in Figure 13-2.

When the total pressure is constant, the humidity depends upon the
partial pressure of vapor in the mixture. For a vapor-gas system where the
vapor is component A and the fixed phase is component B**:

Mpa

=——" (13-1)
MB(Pmt —Pa )
For an air-water system:
_ MuoPrao _ 18*Puao
Mair(ptot — Pmo ) 29 (ptot — Pmo )
The mole fraction of the vapor is:
0]
Xyap = 11\4% (13-2)
+
Mair MH20

The saturation humidity is where the gas has vapor in equilibrium
with the liquid at gas temperature:

_ Minobino _ 18+ pino (13-3]
Mair (ptot - pOHZO) 29% (ptot - pIqIZO)

S

The percent humidity is the ratio of the actual humidity to the
saturation humidity:

.0
q)waterzloo*EZq)RM (1‘3'4)
s Ptot - pHZO

The heat that is required to increase the temperature of one pound of
gas and the vapor it contains by 1 °F for the air-water system is:
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FIGURE 13-2. Conventional humidification methods: (a) dewpoint humidification,
(b) evaporation humidification, (c) steam injection humidification, and (d) flash
evaporation humidification®.
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Cs = (Cplmao + PlCp)air = 0.24 +0.45 % D (13-5)

The wet bulb temperature is the dynamic equilibrium temperature
attained by the liquid surface when the rate of heat transfer to the surface
by convection equals the rate of heat required for evaporation away from
the surface®. The partial pressure and the vapor pressure are usually small
relative to the total pressure; therefore, the wet bulb equation can be
expressed in terms of humidity conditions’:

T-T,

®,—O=h, "
lkl

(13-6)

For the air-water system, this equation becomes:

T-T,

O, — P =18h,
292k,

The adiabatic saturation temperature is reached when a stream of air
is mixed with water at a temperature, T, in an adiabatic system. This can
be expressed as:

T-T,

O, - =c,
A

(13-7)

A humidity (psychrometric) chart provides a way to determine the
properties of a gas—vapor mixture. Figure 13-3 shows an example of a psy-
chrometric chart for a mixture of air and water. Any point on the chart
represents a specific mixture of air and water. Points above and below the
saturation lines represent a mixture of saturated air as a function of air tem-
perature. The curved lines between the saturation line and the temperature
axis represent mixtures of air and water at specific percentage humidities.

Commercial humidifiers usually use heating coils and a warm water
spray to bring the gas to the desired temperature and humidity. Figure
13-4 shows the process that can occur in a humidifying device. Point A
represents the entering air with the dry bulb temperature, T, and humidity
H,. A dry bulb temperature of T, and humidity of H, is desired (point B).
The method of reaching point B is by going from point A to point * by
water spray, and then heating to reach point B. In addition, the length of
the pipe required for sufficient mixing after the steam injection needs to be
calculated to ensure a uniformly humidified gas is entering the fuel cell.

13.2.2 Fans and Blowers

A commonly used method of providing air to a fuel cell is through the use
of fans or blowers. The fan or blower is driven by an electric motor, which
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requires power from the fuel cell or other source to run. One of the most
commonly used fans is the axial fan, which is effective in moving air over
parts, but not effective across large pressure differentials. The back pressure
of this fan type is very low at 0.5 cm of water'!. These fans are well suited
for many hydrogen-air PEM fuel cell designs. The actual fan power is given
by the following equation'*:

VVideal

Wact = (1‘3'8)
Ns
The ideal power can be calculated by:
vi v}
Widcal = mcp,avg(TZ - Tl ) + ? - ? (1‘3'9)

where c, ., is the specific heat at the average temperature of the inlet and
outlet. The ideal exit temperature can be calculated from Equation
(13-10}:

(r=-1)/v
L (EJ (13-10)
T b

where T, is the isentropic temperature, and y is the ratio of the
specific heat capacities of the gas, C,/C,. The actual exit temperature
is then:

1 W 2 2
T,=T + {_mt _(VZ—Z_%J} (13-11)

Cp,avg

The actual speed and power required can be found from the manufac-
turer’s table once the inlet volume rate and pressure boost are specified.
Fan data can sometimes be represented in terms of dimensionless param-
eters. These are defined as:

Discharge Coefficient:

(13-12)

Pressure Coefficient:

(13-13)
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Isentropic Efficiency:

Wdeal
U lr—— ( 13-14)
‘ Wactual
Specific Speed:
NVI/Z p3/4
1\1S = W ( 13- 1 5)

where V is the volumetric flow rate, p is the density of the fluid, D is the
wheel blade diameter, N is the fan speed, AP is the fan pressure boost, and
W is the fan power. The ideal fan power is:

P, (r=1/y ( v% vf j
Widea = we Tl [ 22 14|22 13-16
deal m|:cp, g 1(( Plj 2 2 ( )

Often the temperature rise of the fluid as it passes through the fan is
often neglected, and the following equation can be used to calculate the
fan power:

22
W, = V[AP + %} (13-17)

2
. 1%
Since the total pressure can be expressed as Py=P + p2_2 , then:

Wact=V*APO (13-18)

Larger pressure differences can be obtained by using centrifugal fans.
Centrifugal fans have air or gases entering in the axial direction, and dis-
charge air or gases in the radial direction'®. These are used for circulating
cooling air through small- to medium-sized fuel cells. The pressure created
by these fans is from 3 to 10 cm of water'*".

Blowers are also used in atmospheric systems to draw air into the fuel
cell. The blower is typically powered by a battery for startup, and then some
of the power output of the fuel cell is used to keep the blower running (like
other plant components). The blower power required is

W = (APV)/Mhiower (13-19)

where Npower 1S the blower efficiency.



Fuel Cell System Design 373

EXAMPLE 13-1: Calculate the Fan Efficiency

A fan is used to move air into a fuel cell system at 20°C and 100 kPa.
The fan moves 0.05 m®/s of air with a pressure boost of 0.6 kPa. The
actual power is 50 W, and the outlet velocity is 1 m/s. Determine the
efficiency of the fan.

With the pressure boost, P, = 100.6 kPa. The ideal work must first
be calculated to determine the efficiency:

Wideal = Cp(TZ - Tl)

where T, comes from our isentropic ratio, and yis 1.38:

(r-1)/y (1.38-1)/1.38
L (&) - (293.15)%%) ~293.63K
T P 100

Wideal = (1.005)%(293.63 — 293.15) = 0.4858 kJ/kg
Then:

N = VVideal _ Wideal
s = T<x7 - ]
Wact Wact/ m

where
m = v/V = v/(RT/P) = (0.05* 100/(0.286 %293.15) = 0.0596 kg/s
Therefore,

Wideal _ Wideal _ O4858k]/kg
W, Wa/m (0.05kW/0.0596kg/s)

ns: 20579

Using MATLAB to solve:

%% %0 %0 %o %o %o %o Yo Yo Yo Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o %o
% EXAMPLE 13-1: Calculate the Fan Efficiency

% UnitSystem SI

%% %% %o %o %o %o Yo Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Inputs

T = 20; % Operating temperature (degrees C)
P = 100; % Operating pressure (kPa)
PBoost = 0.6; % PBoost: the boost in the pressure
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fanPower = 0.05; % fanPower(cm3/s)
actualPower = 50; % actualPower: the actual power generated in Watts
outletVelocity = 1; % outletVelocity (m/s)

cp = 1.005; % Specific heat
T=T+273.15; % Convert temperature to K
gamma = 1.38;

R = 0.286;

% Calculate the exit temperature from isentropic ratio
T2 = T.x((P + PBoost)./P).A((gamma- 1)./gamma);

% ldeal work (kJ/kg)

W_ideal = cp.*(T2 - T)

% Mass flow rate (kg/s)

m = fanPower ./ (R.xT ./ P);

% Fan Efficiency

etha = W_ideal ./ ((actualPower ./ 1000) ./ m)

13.2.3 Compressors

Compressors are used to compress air, which allows a greater concentration
of oxygen per volume per time, and therefore, increases the fuel cell effi-
ciency. This enables the dropoff in voltage due to mass transport to be
delayed until higher current densities. If the pressure is higher, a lower
volumetric flow rate can be used for the same molar flow rate, and humid-
ification requires less water for saturation (per mole of air). The compres-
sion can be isothermal or adiabatic. Isothermal compression allows
temperature equilibration with the environment, and adiabatic uses com-
pression without any heat exchange with the environment!'®.

The most common type of compressor is the centrifugal compressor.
It uses kinetic energy to create a pressure increase. The centrifugal com-
pressor can be operated with high efficiencies through a high range of flow
rates by changing both the flow rate and the pressure. This compressor type
is commonly found on engine turbocharging systems. Figure 13-5 shows
an example of a motor-driven turbocompressor for PEM fuel cells'’.

The efficiency of the compressor is important for the overall efficiency
of the fuel cell system. The efficiency is found by using the ratio of actual
work done to raise the pressure from P; to Py:

(r=-1)/y
L (EJ (13-20)
T Py
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FIGURE 13-5. Example of a motor-driven turbocompressor for PEM fuel cells'®.

where T, is the isentropic temperature, and y is the ratio of the specific
heat capacities of the gas, C,/C,. In order to use Equation (13-21), the heat
flow from the compressor and the kinetic energy of the gas through the
compressor should be considered negligible. The gas is also considered to
be ideal, therefore, it can be assumed that the specific heat is constant at
a constant pressure.

The actual work done by the system is:

W = ¢,(T, - T))m (13-21)

where m is the mass of the gas compressed (air flow rate, g/s), T, and T,
are the inlet and exit temperatures, respectively, and c, is the specific heat
at constant pressure (J/gK). The efficiency is the ratio of these two quanti-
ties of work:

¢, - Ti)m
c,(T, - Ti)m

and 1.= [T, ~T) (13-22)

71 = isentropic work/real work = =
(T, - T

The change in temperature at the end of compression can be found
from the following equation:

y-1

Ne 1
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where y is the ratio of specific heats (for diatomic gases, k = 1.4). The total
efficiency is the compressor efficiency multiplied by the mechanical effi-
ciency of the shaft:

Nt =M X N (13-24)

The power required to increase the temperature of the gas is defined
as:

W = c,ATm (13-25)

Taking into account the inefficiencies with the compression process,
and substituting this into equation 13-25, then:

y-1
Pcomprcssor =Cp 3[(&) g 1Jm (13-26)
Ne

Many compressors are manufactured commercially, and when design-
ing the fuel cell system, the important factors to consider are the tempera-
ture, pressure, type of gas handled, reliability, efficiency, and corrosion-free
materials.

EXAMPLE 13-2: Designing an Air Compressor

Air at 100 kPa and 298 K enters a compressor at 2 kg/s and receives a
pressure boost of 100 kPa. Determine the power required, adiabatic effi-
ciency, and exit temperature for an (a) ideal compressor and (b) adiabatic
compressor with 75% efficiency.

Using the ideal gas law:

RT,  0.287%298
P 100

V=

=0.8553

The volumetric flow rate can be calculated by:
m3

Vi=v;*m=0.8553%2=1.710—
s

(a) The exit pressure can be estimated by:

P, =P, + AP = 100 + 100 = 200 kPa
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The ideal calculation of T2 can be estimated by:

(r-1/r (1.38-1)/1.38
£=(&) = (298)*(200) =360.68K
T P, 100

The ideal work can be calculated by:

W = cp,avg(T2 — T1)m = 1.005#(360.68 — 298)%(2) = 125.98 kW
The efficiency of an ideal compressor is 100%.
(b) For an adiabatic compressor with an efficiency of 75%:

Wi 125.98

=167.98kW
s 0.75

Wact =

The actual exit temperature can be calculated by:

Wae 995, 16798 _ a5y 57k

T2 = Tl + =
M * Cyp ayg 2%1.005

Using MATLAB to solve:

% %% %0 %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 13-2: Designing an Air Compressor

% UnitSystem SI

%% %0 %0 %o %o %o Yo Yo Yo Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

T = 298; % Operating temperature (K)

P = 100; % Operating pressure (kPa)

PBoost = 100; % PBoost: the boost in the pressure
eta = 0.75; % Efficiency

m_air = 2; % Mass flow rate (kg/s)

gamma = 1.38;

cp = 1.005; % Specific heat

R = 0.286; % ldeal gas constant

% Calculate volume using the ideal gas law
vl = R*T/P;
% Calculate volumetric flow rate (m®%s)

V1 = v1*m_air;




378 PEM Fuel Cell Modeling and Simulation Using MATLAB®

% ldeal exit temperature

T_exit_ideal = T ((P + PBoost)/P)A((gamma- 1)/gamma)
% ldeal work

W_ideal = cp*(T_exit_ideal — T)*m_air

% Actual work

W_actual = W_ideal / eta

% Actual exit temperature

T_exit_actual = T + W_actual/ (cp*m_air)

EXAMPLE 13-3: Designing an Air Compressor

A fuel cell stack with an output power of 50 kW operates with a pressure
of 2 bar. Air is fed to the stack using a screw compressor at 1.0 bar and
22°C with a stoichiometry of 1.5. The average cell voltage is 0.7 V. The
rotor speed factor is 300 rev/minK1/2, and the efficiency is 0.6. Find the
required rotational speed of the air compressor, the temperature of
the air as it leaves the compressor, and the power of the electric motor
needed to drive the compressor.

The mass flow rate of air should be found first:

m=3.57x10"x1 x\I;—ekg/s,

Cc

where A is the stoichiometry

o 3.57x107 x1.5x 50,000
- 0.70

=0.03825kg/s

This should then be converted to the mass flow factor:

0.03825%+/295.15 _ 0.657kg
1.0 sVK bar

The mass flow factor helps to find the rotor speed factor and effi-
ciency from many standard compressor performance charts. In this
example, the rotor speed factor was given as 300 rev/minK1/2, and the
efficiency is 0.6. The rotor speed calculation is

my

300x~+295.15 =5153.98 rpm
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The temperature rise is calculated:

0.286
AT = 292515 (ﬂ) ~1|=107.86K
06 \\1.0

Because the inlet air temperature is 22 °C, the exit temperature will
be 129.86°C. This indicates that the PEM fuel cell would need cooling.
The compressor power is

WCOIHP[CSSOI = 1004 X

295.15 (@
0.6 (1.0

0.286
) —1J*0.03825=4142.151{W

This power ignores the mechanical losses in the bearings and drive
shafts. Many PEM fuel cells also require that the inlet air be humidified,
which will alter the specific heat capacity and the ratio of specific heat
capacities, and thus alter the performance of the compressor. Sometimes
the air will also be humidified after the compression when the air is
hotter.

Using MATLAB to solve:

%% Yo Yo Yo %o %o Yo Yo Yoo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 13-3: Designing an Air Compressor

% UnitSystem SI

%% Yo Yo Yo %o %o Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo
% Inputs

T_input = 22; % Input Temperature (C)

P_input = 1; % Input Pressure (kPa)

P_op =2; % Operating Pressure (kPa)

S =1.5; % Air stoichiometry

rotorSpeedFactor = 300; % Rotor speed factor in rev/(min*sqrt(K))
eta = 0.6; % Efficiency

P_output = 50; % Output_power (kW)

V =0.7; % Average cell voltage (V)

T_input = T_input + 273.15; % Convert temperature to K

R = 0.286; % ldeal gas constant

% Calculate the mass flow rate of air (kg/s)
m = 3.57*%10MN-4 S *P_output / V;
% Mass flow factor

mff = m=sqrt(T_input) / P_input;
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% Rotor speed calculation

rotorSpeed = rotorSpeedFactor sqrt(T_input);
% Temperature rise

T_rise = (T_input / eta) * (P_op/P_input)*R — 1)
% Outlet temperature

T_outlet = T_input + T_rise — 273.15;

% Compressor power

powerNeeded = 1004 = T_rise *m;

13.2.4 Turbines

In pressurized fuel cell systems, the outlet gas is typically warm and pres-
surized (though lower than the inlet pressure). This hot gas from fuel cells
can be turned into mechanical work through the use of turbines. This
energy can be used to generate work that may offset the work needed to
compress the air. An example of a turbocompressor system was shown in
Figure 13-5. The efficiency of the turbine determines whether it should be
incorporated into the fuel cell system'*.

Like compressors and fans, the efficiency of the turbine can be deter-
mined using the following equation:

(r=-1)/y
L (&) (13-27)
T P,

By substituting the proper equations, the efficiency becomes:

(13-28)

r-1
ntmrbine:’-[‘l_’l-‘2 :TI_T2 1_(&) ’ -1

T -T, T b,

where 7. is the ratio between the actual work and the ideal isentropic work
between P, and P,. The temperature at the end of expansion is:

y-1

AT=T,-T,=n.T, (%) T (13-29)

1

The power of the turbine can be found using the same equation as the
COMpressor:



Fuel Cell System Design 381

W = ¢, ATm (13-30)

r-1
Pturbine = Cprlch {(%) ! - llm (13-31)

1

Due to the inefficiency of the compression and expansion process,
a turbine may only recover a portion of work that is required of other
system components. If the temperature of the exhaust is high, the
turbine may generate all of the required power needed for other fuel cell
subsystems.

EXAMPLE 13-4: Calculate Available Power

For the fuel cell analyzed in Example 13-2, the exit temperature is 100°C
(383.15 K) and the pressure is 1.8 bar. The efficiency and rotor speed of
the turbine are 0.55 and 4000 rev/(minK'?) respectively. Use cp = 1100 J/
kgK and y = 1.38. What power will be available from the exit gases?

The cathode exit gas mass would have been increased by the water
present in the fuel cell, but since the mass change will be very small,
we will consider it negligible for this problem, so the value of 0.03825 kg/
s will be used. First, calculate the mass flow factor:

~0.03825x~383.15 0.416 kg
1.8 sVK bar

Mg

The rotor speed is
SProtor = 5000 X V/383.15 = 97,871.09 RPM
Since the efficiency is 0.55, the available power is

0.275
Pourbine =1100 % 0.55 x 383.15([%) - 1] *0.03825 =~ -1323.37 kW

This is the amount of power given out, which is a useful addition
to the 50 kW generated by the fuel cell, but it is not nearly enough to
drive the compressor.

Using MATLAB to solve:
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%% %o %0 %0 %o Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 13-4: Calculate Available Power

% UnitSystem SI

%% %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

T =110; % Operating temperature (C)

P_input = 1; % Input Pressure (kPa)

P_op =1.8; % Operating Pressure (kPa)

SERIESE % Air stoichiometry

rotorSpeedFactor = 5000; % Rotor speed factor in rev/(min * sqrt(K))
eta = 0.55; % Efficiency

P_output = 50; % Output_power (kW)

V =0.7; % Average cell voltage (V)

T=T+ 273.15; % Convert temperature to K

cp = 1100; % Specific heat

gamma = 1.38;

% Calculate the mass flow rate of air (kg/s)
m = 3.57 %1074 xS P_output / V;

% Mass flow factor

mff = m=*sqrt(T) / P_input;

% Calculate rotor speed

rotorSpeed = rotorSpeedFactor * sqrt(T);

% Calculate the temperature rise

T2 = Tx*((P_op/P_input)((gamma- 1)/gamma) — 1);

% Compressor power

powerGenerated = cp*eta*T2xm;

13.2.5 Fuel Cell Pumps

Pumps, like blowers, compressors, and fans, are among the most important
components in the fuel cell plant system. These components are required
to move fuels, gases, and condensate through the system and are important
factors in the fuel cell system efficiency. Small- to medium-sized PEM fuel
cells for portable applications have a back pressure of about 10 kPa or 1 m
of water?!. This is too high for most axial or centrifugal fans, as discussed
earlier®.
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Choosing the correct pump for the fuel cell application is important.
As in fans, blowers, and compressors, factors to consider are efficiency,
reliability, corrosion-free materials, and the ability to work with the required
temperatures, pressures, and flow rates for the specific fuel cell system.
The appropriate matching of a high-efficiency pump with the appropriate
motor speed/torque curve may allow for a more efficient fuel cell stack and
system. The equations that describe pump performance characteristics are
the same as the fan performance characteristics (Equations (13-13-13-16)).

EXAMPLE 13-5: Pump Design

A pump needs to be selected to move 10 kg/s of water with a pressure
boost of 100 kPa. Calculate the work required, exit temperature and, if
applicable, the pump speed and diameter for (a) the ideal pump, (b) an
axial flow pump at maximum efficiency, and (c) a centrifugal pump at
maximum efficiency. The maximum efficiency for an axial flow pump
has the following parameters:

(Comax = 0.6398  (Crdmax = 1.4922  Nmae = 0.8488

The maximum efficiency for a centrifugal flow pump has the fol-
lowing parameters:

(Colmax = 0.11509  (Cridax = 5.3317  Nymax = 0.93508
(a) The ideal work can be calculated by:
Wigea = mVAP = (10)(1.002 % 107)% 100 = 1.002 kW

The exit temperature is equal to the inlet temperature.

(b) The actual work can be calculated by:

W, = Wideal _ 1.002

=1.18 kW
Mo 0.8488

The temperature change is then given by:

_ Wact _Wideal _ 1.18-1.002

AT mc,  (10)4.181)

=0.00427 K

At maximum efficiency, the following equations apply for the
pump diameter and speed:
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— |: (CH )maxm2 :|1/4 and N= =z
PAP(Cq Jfrax pD*(Cq ),
_[(Culmaem® 1 [ 1.49220P T _ L,
| pAP(Cqo2ax | [ (998)(100) % 0.6398% |

N = m _ 10
PD3(Colmax 998 % 0.246° % 0.6398

=1.0546 rps = 63.28 rpm

(c) The actual work can be calculated by:

Wi 1.002

W,ee = =
C Nmax 0.93508

=1.072 kW

The temperature change is then given by:

~ Wi = Wigea _ 1.072-1.002

AT = =0.00166 K
mc, (10)(4.181]
At maximum efficiency:
5 U4 ) 0.25
_ (CH)maxrzn _ 5.3317 % (10) 1" 0.403m
PAP(Cq )hax (998) = (100) * 0.11509

_ m _ 10
PD3(Colmax 998 % 0.403° *0.11509

=1.330 rps =79.81 rpm

Using MATLAB to solve:

%% %0 %0 %o %o %o Yo Yo Yo %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 13-5: Pump Design

% UnitSystem SI

%% %0 %0 %o %o %o Yo Yo Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

m_H20 = 10; % Mass flow rate (kg/s)
PBoost = 100; % PBoost: the boost in pressure
cp = 4.181; % Specific heat

rho = 998; % Density
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eta_axial = 0.8488; % Axial pump efficiency
actual_CQ_max = 0.6398;

actual_CH_max = 1.4922;

eta_cent = 0.93508; % Centrifugal pump efficiency
cent_CQ_max = 0.115009;

cent_CH_max = 5.3317;

% Part a: Calculate ideal work
W_ideal = m_H20 *0.001002 * PBoost;
%% Y% %o %o Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Part b: Calculate actual work of axial flow pump
@ max efficiency

W_actual = W_ideal / eta_actual;

% Temperature change

delT_actual = (W_actual - W_ideal) / (m_H20 *cp);

% Pump diameter

d_axial = ((actual_CH_maxm_H2022)/(rho * PBoost * actual_CQ_max”2))*0.25;
% Pump speed

pumpSpeed_axial = m_H20 / (rho * (d_axial*3) * actual_CQ_max) * 60;

%% %o %0 %0 %o %0 Yo %o %o Yo %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Part c: Calculate actual work of centrifugal flow pump
@ max efficiency

W_cent = W_.ideal / eta_cent;

% Temperature change

delT_cent = (W_cent - W_ideal) /(m_H20 *cp);

% Pump diameter

d_cent = ((cent_CH_max*m_H20/2)/(rho* PBoost * cent_CQ_max/2))"0.25;
% Pump speed

pumpSpeed_cent = m_H20 / (rho+d_cent*3*cent_CQ_max) * 60;
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FIGURE 13-6. Fuel cell system for Example 13-6.

EXAMPLE 13-6: System Design

A 1-kW PEM fuel cell operates at a temperature of 80°C and 3 atm with
a cell voltage of 0.65 V, as shown in Figure 13-6. The air stoichiometry
is 2.5. The compressor and turbine efficiency is 0.6. The temperature
and pressure of the air entering the compressor are 25°C and 1 atm,
respectively. (a) Find the amount of power required for the compressor,
and the associated temperature change. (b) Is a humidifier needed for this
fuel cell system? (c) Would putting a turbine into the fuel cell system
be useful? If so, calculate the associated temperature change with the
turbine. (d) Calculate the amount of heat generated by the stack.

(a) With the molar mass of air being 28.97 x 107 kg/mol and the
mole fraction of air that is oxygen is 0.21, the inlet air flow rate
can be estimated by:

Sos X M, X P
4 X Xoy X Veey X F

My in =

-3
= 25X2897X10°X1000 _ 1 0oc
T 4%0.21x0.65 x 96,485




Fuel Cell System Design 387

Using air at 25°C, y= 1.4, the temperature rise associated with the
compression of air can be calculated by:

y-1
Ne Pl

1.4-1
o 298 (303,975.03)1'4 11218335k
0.6 |\ 101,325.01

With cp = 1004 J/kg+K, the power needed to compress the air is:

r-l
Pcompressor = Cp E (E) -1 m
Te Pl

4-1

1
Pcompl’essor = 1004 %) 298 [[ 303/ 97508) 1.4

-11%0.001375 kg/s =253.12 W
0.6\101,325.01

There is a large temperature rise, which will need to be compen-
sated for by cooling the air before it enters the cell.

(b) The exit air flow rate can be estimated by:

Sos X M,;, x P _32><10‘3><P
4X X0y X Veen XF  4XxXV g XF

mair,out =

2.5><28.97><10’3><1000_ 32x107 %1000
4x0.21x0.65x96,485 4x0.65%96,485

=0.001246 kg/s

mair,out =

If the exit air is at 100% humidity and the saturated vapor pressure
of water at 80°C is 47.39 kPa, then the pressure of the dry air is the
total pressure of the exit air minus the saturated vapor pressure. If we
estimate the exit pressure to be less than the entry pressure due to pres-
sure drop through the flow fields, we estimate a 20 kPa pressure drop,
then 303,975.03 — 20,000 = 283,975.03 Pa, and the pressure of dry air is
283,975.03 Pa — 47,390 Pa = 236,585.03 Pa.

With the molecular mass of water is 18 and the molecular mass of
air is 28.97, then the humidity ratio is:

_m,  18xPy _  18x47390

= = = =0.1245
m, 28.97xP, 28.97x236585.03
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Therefore, the mass flow rate of water leaving the cell is:
m,, = wm, = 0.1245 x 0.001246 kg/s = 0.000155 kg/s
The rate of water production:

M,, xP  28.97x10°x1000
2x Vo xF  2%0.65%96,485

=0.000231kg/s

Mo =

The rate that water should enter the cell can be estimated by
0.000155 — 0.000231 = —0.000076, which implies that no water needs
to enter the cell. Therefore, a humidifier is not needed. The total exit
flow rate is the dry air flow rate plus the water flow rate, which is
0.001246 kg/s + 0.000155 kg/s = 0.001401 kg/s.

(c) If cp = 1100 J/kg*K, and y= 1.33, and the turbine exit pressure
is still above atmospheric pressure (= 283,975.03 — 100,000 Pa =
183,975.03), then the turbine power can be calculated by:

7-1
PYr .
Pturbine = Cprlch {(_Zj ! - lJm
b

1.33-1

183,975.03 )133 1

Pturbine =1100 0.6 * 353.15
283,975.03

J %(0.001401=-33.33 W

About 33 W would make a useful contribution to the 253 W needed.
The temperature change through the turbine can be calculated by:

7-1

P2 Y
AT=nT|[2]" -1
1 1[(111 ]

1.33-1

183,975.03 jws .

AT = 0.6 * 353.15
283,975.03

]:—21.62 K

This would bring the exit gas temperature down to 58.38 K.

(d) The heating rate is:

q=P*(1'25 —1)=1000*(%—1)=923.077W

cell

Using MATLAB to solve:
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% %6%0 %0 %o %o %o Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 13-6: System Design

% UnitSystem SI

%% %% %0 %o %o %o %o %o %o %0 %0 %0 %0 Yo Yo Yo Yo Yo Yo %o %o %0 Y0 Yo Yo Yo Yo Yo Yo Yo %o %o

T_in = 25;

T_op = 80;

P_op = 3000;
P_input = 1000;
S=25

V = 0.65;

eta = 0.5;

P =1000;

F = 96485;

M_air = 28.97e-3;
x_02 = 0.21;

cp = 1004;

P_W = 47390;

P_A = 236585.03;
gamma = 1.4;
T_in=T_in + 273.15;
T _op =T_op + 273.15;

% Inlet air flow rate

% Inlet temperature (C)

% Operating temperature (C)
% Operating Pressure (kPa)
% Inlet Pressure (kPa)

% Air stoichiometry

% Average cell voltage (V)
% Efficiency

% Power

% Faraday’s law

% Molecular weight of air

% Oxygen mole fraction

% Specific heat

% Pressure drop of water (Pa)
% Pressure drop of air (Pa)

% Convert temperature to K
% Convert temperature to K

m_air = S*M_air*P_input / (4 *x_02*V *F);

% Temperature rise due to the compression of air

delta_temp = T_in / eta* ((P_op/P_input)A((gamma- 1)/gamma) — 1);

% Power needed to compress the air

P_compressor = cp*delta_temp+m_air;

% EXxit air flow rate

m_air_out = m_air — 32e-3*P_input / (4 *V xF);

% Humidity ratio

w = 18%P_W / (28.97 #P_A);

% The mass flow rate of water leaving the cell

m_w = W3*m_air_out;

% Rate of water production

m_H20 = M_air*P_input / (2+V *F);
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% Remaining water

remainingWater = m_w — m_H20;
if (remainingWater > 0)
‘humidifier required’

else

‘no humidifier required’

end

cp = 1100; % Specific heat

gamma = 1.33;
P1 =283975.03; % Pressure drop
P2 = 183975.03; % Pressure drop

% Temperature rise due to the compression of air
delta_temp2 = T_op *eta* ((P2/P1)A((gamma- 1)/gamma) — 1);
% Turbine power

P_turbin = cp*delta_temp2:* (m_w + m_air_out);

% Heating rate

heating_rate = P_input*(1.25/V — 1);

Chapter Summary

A fuel cell system can be very efficient with a simple plant and electrical
subsystem—or a very complex one. Typically, the larger the fuel cell stack,
the more complex the fuel cell plant subsystem will be. The number of
ways to design and optimize the fuel cell plant and electrical subsystems
are endless. The plant components reviewed in this chapter include humid-
ifiers, fans, blowers, compressors, turbines, and pumps. A series of quick
models (like those presented in this chapter) can aid the fuel cell stack
designer to make the best design decisions.

Problems

e A 100 kW fuel cell operates at 0.8 V per cell at 60°C at ambient pressure
with an oxygen stoichiometry of 2.0. Liquid water is separated from the
cathode exhaust. Calculate the amount of water that needs to be stored
for 3 days of operation.

e Calculate the temperature in a compressor that provides air for a 50 kW
fuel cell system. Assume that air is dry at 25°C and 1 atm, and the
delivery pressure is 2 atm. The fuel cell generates 0.70 V per cell
and operates with an oxygen stoichiometric ratio of 2. The compressor
efficiency is 0.65.
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e For the fuel cell described in the second problem, calculate the amount
of power that can be recovered if the exhaust air is run through the
turbine. The exhaust gas has 100% humidity with a pressure drop of
0.3 atm. The turbine efficiency is 65%.

e For the fuel cell system described in the second problem, calculate the
amount of water (g/s) needed to fully saturate the air at the fuel cell
entrance at 70°C.

e For the fuel cell system described in the second problem, calculate the
amount of heat (W) needed for the air humidification process.
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CHAPTER 14

Model Validation

14.1 Introduction

Model validation is the most important step in the model-building process.
However, it is often neglected. Validating a mathematical model usually
consists of quoting the R? statistic from the fit. Unfortunately, a high R”
value does not mean that the data actually fit well. If the model does not
fit the data well, this negates the purpose of building the model in the first
place.

There are many statistical tools that can be used for model validation.
This chapter covers the basic concepts for model validation, which include
residuals, normal distribution of random errors, missing terms in the func-
tional part of the model, and unnecessary terms in the model. The most
useful is graphical residual analysis. There are many types of plots of residu-
als that allow the model accuracy to be evaluated. There are also several
methods that are important to confirm the adequacy of graphical techniques.
To help interpret a borderline residual plot, a lack-of-fit test for assessing the
correctness of the functional part of the model can be used. The number of
plots that can be used for model validation is limited when the number of
parameters being estimated is relatively close to the size of the data set. This
occurs when there are designed experiments. In this case, residual plots are
often difficult to interpret because of the number of unknown parameters.

14.2 Residuals

The residuals from a fitted model are the differences of the responses at
each combination of variables, and the predicted response using the regres-
sion function. The definition of the residual for the ith observation in the
data set can be written as:

€ = Vij = Vi (14-1)
with y; denoting the ith response in the data set and ¥, represents the list

of explanatory variables, each set at the corresponding values found in the
ith observation in the data set. If a model is adequate, the residuals should
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have no obvious patterns or systematic structure. The primary method of
determining whether the residuals have any particular pattern is by study-
ing the scatterplots. Scatterplots of the residuals are used to check the
assumption of constant standard deviation of random errors.

14.2.1 Drifts in the Measurement Process

Drifts in the measurement process can be checked by creating a “run order”
or “run sequence” plot of the residuals. These are scatterplots where each
residual is plotted versus an index that indicates the order (in time) in
which the data were collected. This is useful when the data have been col-
lected in a randomized run order, or an order that is not increasing or
decreasing in any of the predictor variables. If the data are increasing or
decreasing with the predictor variables, then the drift in process may not
be separated from the functional relationship between the predictors and
the response. This is why randomization is encouraged in the design of
experiments’?,

14.2.2 Independent Random Errors

A lag plot of residuals helps to assess whether the random errors are inde-
pendent from one to the next. If the errors are independent, the estimate
of the error in the standard deviation will be biased, which leads to improper
inferences about the process. The lag plot works by plotting each residual
value versus the value of the successive residual. Due to the way that the
residuals are paired, there will be one less point than most other types of
residual plots.

There will be no pattern or structure in the lag plot if the errors are
independent. The points will appear randomly scattered across the plot,
and if there is a significant dependence between errors, there will be some
sort of deterministic pattern that is evident.

Example 14-1 shows the types of scatterplots used for determining
consistent standard deviation.

EXAMPLE 14-1: Plotting Residuals

A parametric model has been developed to predict the performance of
a PEM fuel cell over a range of operating currents and temperatures. The
parametric equation predicts activation overvoltage from a linear regres-
sion analysis. Table 14-1 shows the run order, experimental temperature,
experimental current, calculated experimental activation overpotential,
and predicted activation overpotential from the model given in Amphlett
et al. (a) Calculate and plot the residuals versus the experimental
factors using scatterplots, (b) create the run order plot, and (c) create the
lag plot.

Using MATLAB to solve:
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TABLE 14-1
Experimental and Calculated Results for Example 14-1

Run Temperature Current Experimental Activation Predicted Activation

Order (K) (Amps) Overvoltage (V) Overvoltage (V)
1 358 2.72 -0.2717 -0.2647
2 328 6.66 -0.4017 -0.4014
3 343 6.66 -0.3522 -0.35
4 358 6.66 -0.3038 -0.3025
5 343 6.66 -0.3341 -0.3283
6 343 6.66 -0.3756 -0.3775
7 328 6.66 -0.3727 -0.3747
8 343 2.72 -0.322 -0.3188
9 343 6.66 -0.3492 -0.35

10 343 6.66 -0.3472 -0.35

11 328 2.72 -0.3141 -0.3193

12 328 6.66 -0.352 -0.3541

13 343 6.66 -0.3482 -0.35

14 358 6.66 -0.3473 -0.3537

15 358 6.66 -0.325 -0.3252

16 358 6.66 -0.3218 -0.3252

17 343 16.33 -0.4075 -0.4083

18 343 16.33 -0.3902 -0.3868

19 343 6.66 -0.3492 -0.35

20 343 6.66 -0.3788 -0.3775

21 358 16.33 -0.3834 -0.386

22 343 2.72 -0.2969 -0.292

23 343 6.66 -0.3249 -0.3283

24 343 2.72 -0.2868 -0.292

25 343 16.33 -0.4453 -0.4379

26 343 6.66 -0.3502 -0.35

27 328 6.66 -0.3793 -0.3747

28 343 16.33 -0.4062 -0.4083

%% %0 %0 %o %o %o %o Yo Yo Yo %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 14-1: Plotting Residuals

% UnitSystem SI

%% %0 %0 %o %o %o Yo Yo Yo %o %o Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Inputs

% Number of experiments
run_number = [1:28];
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% Temperature of each run

T =[358 328 343 358 343 343 328 343 343 343 328 328 343 358 358 358
343 ...343 343 343 358 343 343 343 343 343 328 343];

% Current density of each run

i =[2.72 6.66 6.66 6.66 6.66 6.66 6.66 2.72 6.66 6.66 2.72 6.66 6.66 . . . 6.66 6.66
6.66 16.33 16.33 6.66 6.66 16.33 2.72 6.66 2.72 16.33 6.66 . . . 6.66 16.33];

% Activation polarization (experimental)

V_act_ex = [-0.2717 —0.4017 —-0.3522 —0.3038 —0.3341 —-0.3756 —0.3727
—0.322...-0.3492 -0.3472 —0.3141 —-0.352 —0.3482 -0.3473 -0.325 -0.3218
—-0.4075 . ..-0.3902 —0.3492 -0.3788 —0.3834 —0.2969 —0.3249 -0.2868
—0.4453 -0.3502 . . . -0.3793 —0.4062];

% Activation polarization (predicted)

V_act_sim = [-0.2647 —0.4014 —0.35 —-0.3025 —0.3283 -0.3775 —0.3747
—0.3188...-0.35 -0.35 —0.3193 -0.3541 -0.35 —0.3537 —0.3252 —0.3252
—0.4083 . ..-0.3868 —0.35 —0.3775 —0.386 —0.292 —0.3283 —0.292 —-0.4379
—0.35...-0.3747 -0.4083];

% Obtain residuals
e =V_act_ex - V_act_sim;
% Plot residuals versus temperature

figure1 = figure(‘Color’,[1 1 1]);

hdlp=scatter(T,e);

xlabel(‘Temperature (K)’,'FontSize’,12,'FontWeight’,'Bold’);
ylabel(‘Residuals’,'‘FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot residuals versus current density

figure2 = figure(‘Color’,[1 1 1]);

hdlp=scatter(i,e);

xlabel(‘Current Density (A/lcm2)’,‘FontSize’,12,‘FontWeight’,'Bold’);
ylabel(‘Residuals’,'‘FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot residuals versus run order

figure3 = figure(‘Color’,[1 1 1]);
hdlp=scatter(run_number,e);

xlabel(‘Run Order’,‘FontSize’,12,‘FontWeight’,'Bold’);
ylabel(‘Residuals’,'‘FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;
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FIGURE 14-1. Scatterplot of temperature versus residuals.

% Plot residuals versus residuals (Lag plot)

figure4 = figure(‘Color’,[1 1 1]);
hdlp=scatter(e(2:28),e(1:27));
xlabel(‘Residuals’,'‘FontSize’,12,‘FontWeight’,'Bold’);
ylabel(‘Residuals’,'FontSize’,12,‘FontWeight’,'Bold’);
set(hdlp,‘LineWidth’,1.5);

grid on;

Figures 14-1 through 14-4 show the residuals versus the experimental
factors, the run order plot, and the lag plot for Example 14-2.

For Figures 14-1 and 14-2, the range of the residuals in these figures
looks essentially constant across the levels of the predictor variables, which
are temperature, and current. There are points randomly scattered above
and below y = 0 line. This suggests that the standard deviation of the
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FIGURE 14-2. Scatterplot of current versus residuals.

random error is the same for the responses observed at each temperature
and current. These scatter plots indicate that the parametric model is most
likely a good fit to the experimental data.

14.3 Normal Distribution of Normal Random Errors

14.3.1 Histograms and Normal Probability Plots

In order to determine the normal distribution of normal random errors,
there are two plots that can be used: the histogram and the normal prob-
ability plot. These plots can be used to verify if the random error in the
process has been obtained from a normal distribution. When making a deci-
sion about the model and process, the normality assumption is needed to
obtain more information about the error rates. If the random errors are not
from a normal distribution, incorrect decisions will be made more or less
often than the stated confidence levels indicate.
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FIGURE 14-3. Run order plot for Example 14-1.

The normal probability plot is a plot of the sorted values of the
residuals versus the associated theoretical values from the standard normal
distribution. Unlike most residual scatterplots, a random scatter of points
does not validate that the assumption being checked was met. If the random
errors are normally distributed, the plotted points will lie close to a straight,
diagonal line. If points deviate significantly from the line, the random errors
are probably not randomly distributed, and the data have some outliers in
them.

If the normal probability plot suggests that the errors come from a
non-normal distribution, then a histogram can be used to determine what
the distribution looks like. If the histogram is bell-shaped, the conclusions
of the normal probability plots are correct. It is important to note that
information about the distribution of random errors from the process can
only be obtained if the functional part of the model is correctly specified,
the standard deviation is constant, there is no drift in the process, and the
random errors are not dependent on the run*®.
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FIGURE 14-4. Lag plot for Example 14-1.

Probability Plot

EXAMPLE 14-2: Creating a Histogram and Normal
Using the residuals from Example 14-1, create a normal probability plot

and histogram to determine if the data are normally distributed. Another
method of presenting the error data is through the use of a box plot. Use

a box plot to view the residuals from Example 14-1.

Using MATLAB to solve:
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%% %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o
% EXAMPLE 14-2: Creating a Histogram and Probability Plot
% UnitSystem Sl

%% %o %o %o %o Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% Plot normal probability plot

figure1 = figure(‘Color’,[1 1 1]);

hdlp=normplot(e);

xlabel(‘Quantities from Standard Normal Distribution’,'FontSize’,12,‘FontWeight’,
‘Bold’);

ylabel(‘Residuals’,'‘FontSize’,12,‘FontWeight’,'Bold’);

set(hdlp,‘LineWidth’,1.5);

grid on;

% Plot Histogram

n = length(e);

b =-0.01:0.002:0.01;

figure2 = figure(‘Color’,[1 1 1]);

hdlp = hist(e,b);

maxn=max(hdlp);

cs = cumsum(hdlp * maxn/n);

bar(b,hdlp,0.95,'q’)

axis([-0.01,0.01,0,maxn])

box off

hold on

plot(b,cs,k-s’)
xlabel(‘Residuals’,'FontSize’,12,‘FontWeight’,'Bold’);
ylabel(‘Count’,'FontSize’,12,‘FontWeight’,'Bold’);
plot([-0.01 0.01],[maxn maxn],'k’,[0.01 0.01],[0 maxn],’k’)
j=0:0.1:1;

lenj=length(j);

text(repmat(0.011,lenj,1), maxn. *j’,num2str(j’,2))
plot([repmat(0.01,1,lenj);repmat(0.01,1,lenj)],[maxn * j;maxn *j],'k’)

% Box plot
figure3 = figure(‘Color’,[1 1 1]);
boxplot(e,‘Notch’,‘on’);

Figures 14-5 through 14-7 show the normal probability plot, histo-
gram, and box plot for Example 14-2.

14.4 Missing Terms in the Functional Part of the Model

Residual plots are the most valuable tool for assessing whether variables
are missing in the functional part of the model. However, if the results are
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FIGURE 14-5. Normal probability plot for Example 14-2.

nebulous, it may be helpful to use statistical tests for the hypothesis of the
model. One may wonder if it may be more useful to jump directly to the
statistical tests (since they are more quantitative), however, residual plots
provide the best overall feedback of the model fit. These quantitative tests
are termed “lack-of-fit” tests, and there are many illustrated in any statis-
tics textbook.

The most commonly used strategy is to compare the amount of vari-
ation in the residuals with an estimate of the random variation in the model
is to use an additional data set. If the random variation is similar, then it
can be assumed that no terms are missing from the model. If the random
variation from the model is larger than the random variation from the
independent data set, then terms may be missing or misspecified in the
functional part of the model.

Comparing the variation between experimental and model data sets
is very useful, however, there are many instances where a replicate meas-
urement is not available. If this is the case, the lack-of-fit statistics can be
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FIGURE 14-6. Histogram for Example 14-2.

calculated by partitioning the residual standard deviation into two inde-
pendent estimators of the random variation in the process.

One estimator depends upon the model, and the means of the repli-
cated sets of data (o), and the other estimator is a standard deviation of
the variation observed in each set of replicated measurements (o,). The
squares of these two estimators are often called “mean square for lack-of-
fit.” The model estimator can be calculated by®:

Om = \/ﬁgfh(% -v;) (14-2)

where p is the number of unknown parameters in the model, n is the
sample size of the data set used to fit the model, n, is the number of com-
binations of predictor variable levels, and n; is the number of replicated
observations at the ith combination of predictor variable levels.

If the model is a good fit, the value of the function would be a good
estimate of the mean value of response for every combination of predictor
variable values. If the function provides good estimates of the mean response
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FIGURE 14-7. Box plot for Example 14-2.

at the ith combination, then o;, should be close in value to o, and should
also be a good estimate of o. If the model is missing any important terms,
or any of the terms are correctly specified, then the function will provide
a poor estimate of the mean response for some combination of predictors,
and o,, will probably be greater than o,.

The model-dependent estimator can be calculated using’:

o, = \/;nzui(yﬁ _5,) (14-3)

(n-n,) TS

Since o, depends only on the data and not on the functional part of the
model, this indicates that o, will be a good estimator of o, regardless of
whether the model is a complete description of the process. Typically, if
Om > 0;, then one or more parts of the model may be missing or improperly
specified. Due to random error in the model, sometimes o, will be greater
than o, even when the model is accurate. To ensure that the model hypoth-
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esis is not rejected by accident, it is necessary to understand how much
greater o, can possibly be. This will ensure that the hypothesis is only
rejected when o, is greater than ;. A ratio that can be used when the model
fits the data is®

L="2 (14-4]

The probability of rejecting the hypothesis is controlled by the prob-
ability distribution that describes the behavior of the statistic, L. One
method of defining the cut-off value is using the value of L when it is
greater than the upper-tail cut-off value from the F distribution. This allows
a quantitative method of determining when o, is greater than o,.

The probability specified by the cut-off value from the F distribution
is called the “significance level” of the test. The most commonly used
significance value is « = .05, which means that the hypothesis of an ade-
quate model will only be rejected in 5% of tests for which the model really
is adequate. The cut-off values can be calculated using the F distribution
described in most statistics textbooks.

14.5 Unnecessary Terms in the Model

Sometimes models fit the data very well, but there are additional unneces-
sary terms. These models are said to “overfit” the data. Since the param-
eters for any unnecessary terms in the model usually have values near zero,
it may seem harmless to leave them in the model. However, if there are
many extra terms in the model, there could be occurrences where the error
from the model may be larger than necessary, and this may affect conclu-
sions drawn from the data.

Overfitting often occurs when developing purely empirical models for
experimental data, with little understanding of the total and random vari-
ation in the data. This happens when regression methods fit the data set
instead of using functions to describe the structure in the data. There are
models that are sometimes are made to fit very complex patterns, but these
may actually be finding structure in the noise if the model is analyzed
carefully.

To determine if a model has too many terms, statistical tests can also
be used. The tests for overfitting of data is one area in which statistical
tests are more effective than residual plots. In this case, individual tests for
each parameter in the model are used rather than a single test. The test
statistics for testing whether or not each parameter is zero is typically based
on T distribution. Each parameter estimated in the model is measured in
terms of how many standard deviations it is from its hypothesized value
of zero. If the parameter’s estimated value is close enough to the hypoth-
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esized value, then any additional deviation can be attributed to random
error, and the hypothesis that the parameter’s true value is not zero is
accepted. However, if the parameter’s estimated value is so far away from
the hypothesized value that the deviation cannot be plausibly explained by
random error, the hypothesis that the true value of the parameter is zero
is rejected.

The test statistic for each of these tests is simply the estimated param-
eter value divided by its estimated standard deviation:

T=-A (14-5)

Op;
Equation 14-5 provides a measure of the distance between the estimated
and hypothesized values of the parameter in standard deviations. Since the
random errors are normally distributed, and the value of the parameter is
zero, the test statistic has a Student’s T distribution with n — p degrees of
freedom. Therefore, the cut-off values from the T distribution can be used
to determine the amount of variable that is due to random error. These
tests should each be used with cut-off values with a significance level of
/2 since these tests are generally used to simultaneously test whether or
not a parameter value is greater than or less than zero. This will ensure
that the hypothesis of each parameter equals zero will be rejected by chance
with probability c.

EXAMPLE 14-3: Creating ANOVA Tables and
Confidence Intervals

Using the residual data given in Example 14-1, create the ANOVA table
for the activation voltage, temperature, and pressure. Find the confi-
dence interval for error mean at a 95% confidence level.

Using MATLAB to solve:

% %o %o %o Yo %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
% EXAMPLE 14-3: Creating ANOVA Tables and

Confidence Intervals

% UnitSystem SI

Y% %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% ANOVA Tables
% ANOVA with the temperature and current as factors
p = anovan(V_act_ex, {T i})
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Analysis of Variance

Source Sum Sqg d. £ Mean Sg F Prob=F
pLal 0. 00896 2 0.00348 11.45 0. 0004
Xz 0.030%96 2 0.01548 £0.93 o
Error 0.00853 23 0.0003

Total 0.04324 27

FIGURE 14-8. ANOVA for temperature and current for Example 14-3.

% Confidence Interval

meen = mean(e);

L = length(e);

q = std(e) *tinv(0.975,L-1)/sqrt(L);

disp([‘Sample mean =" num2str(meen)])

disp(‘Confidence interval for error mean at 95% confidence level —)
disp([*  num2str(meen-q) ‘<=Error mean<=" num2str(meen+q)])

Figure 14-8 illustrates the ANOVA table with the temperature and
current as factors.

The confidence limits printed in the MATLAB workspace from
Example 14-3 are as follows:

Sample mean = -3.5714e-006
Confidence interval for sample mean at 95% confidence level -
—-0.0014334 <= Sample mean <= 0.0014262

In Figure 14-8, the model F-values of 50.93 and 11.45 indicate that the
model terms are significant. There is a 0.0% and 0.04% chance that a model
F-Value this large can be due to noise. When the values of Prob > F are less
than 0.05, this typically indicates that the model terms are significant. If
the values are greater than 0.100, this indicates that the model terms are
not significant. If there are many insignificant model terms, model reduc-
tion may improve the model.

Chapter Summary

Fuel cell validation is the most important step in the model-building
process. However, little attention is usually given to this step. A fast
method for analyzing the validity of a model is to look at plots of residuals
versus the experimental factors, run plots, and lag plots. These plots give
a good feel for how accurately a model fits the experimental data, and
how dependable it is. Selecting various statistical techniques, or using a
combination of them, will tell the user if there are any unnecessary por-
tions of the model, or will help determine the amount of noise. Some of
the techniques that are useful in comparing experimental and calculated
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results are histograms, normal probability plots, T and F distributions,
analysis of variance, and confidence levels. If residual scatterplots are used
with one or more of the tests listed above, there will be substantial evidence
that a model is a good fit to the experimental data.

Problems

e Perform a regression analysis for the data in Example 14-1.

e Determine the T and F distribution tests for the data in Example 14-1.

e How well do you think that the calculated data in Example 14-1 fit the
experimental data?

e Perform a lack-of-fit test for the data in Example 14-1.
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APPENDIX A

Physical Constants

The following table lists constants and conversions that may be helpful for
fuel cell design calculations. These constants are used in many equations
throughout the book.

Avogadro’s Number N, 6.02 x 10?° Atoms/mol

Universal gas constant R 0.08205 L atm/mol K
8.314 J/mol K
0.08314 bar m*/mol K
8.314 kPa m®/mol K

Planck’s constant h 6.626 x 107347 s
4136 x 10 eV-s

Boltzmann’s constant k 1.38 x 102 J/K
8.61 x 107 eV/K

Electron mass m 9.11 x 10% kg

Electron charge 1.60 x 107 C
Faraday’s constant F 96,485.34 C/mol

Q
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APPENDIX B

The following table lists enthalpy of formation, the Gibbs function of for-
mation, and absolute entropy for selected substances at 25°C and 1 atm.

Substance Formula H; (J/mol) G; (J/mol) S (J/mol*K)
Acetylene C,H.(g] +226,730 +209,170 200.85
Ammonia NH;(g) -46,190 -16,590 192.33
Benzene CsHs (g) +82,930 +129,660 269.20
Carbon Cls) 0 0 5.74
Carbon dioxide CO»(g) -393,522 -394,360 213.80
Carbon monoxide CO(g) -110,530 -137,150 197.65
Ethane C,Hqlg) ~84,680 32,890 229.49
Ethyl alcohol C,H;OH(g) -235,310 -168,570 282.59
Ethyl alcohol C,H;0H(]) -277,690 -174,891 160.70
Ethylene C,H, (g) +52,280 +68,120 219.83
Hydrogen H,(g) 0 0 130.68
Hydrogen Hig) +217,999 +203,290 114.72
Hydrogen peroxide H,0,(g) -136,310 —-105,600 232.63
Hydroxyl OH(g) +38,987 +34,280 183.70
Methane CH,(g) -74,850 -50,790 186.16
Methyl alcohol CH,OH(g) -200,670 162,000 239.70
Methyl alcohol CH,OH(l) ~238,660 ~166,360 126.80
n-Butane C.H,lg) ~126,150 15,710 310.12
n-Dodecane CiH,(g) -291,010 +50,150 622.83
Nitrogen N,(g) 0 0 191.61
Nitrogen N(g) +472,680 +455,510 153.30
n-Octane CgHg(g) -208,450 +16,530 466.73
n-Octane CgHyg (1) -249,950 +6,610 360.79
Oxygen O,(g) 0 0 205.14
Oxygen O(g) +249,170 +231,770 161.06
Propane C,Hslg) ~130,850 23,490 269.91
Propylene C;Hg (g) +20,410 +62,720 266.94
Water H,O(g) -241,826 228,590 188.83
Water H,O(]) -285,826 237,180 69.92
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APPENDIX C

The following table lists the ideal gas-specific heat at constant pressure for
selected substances at 300 K.

Gas Formula Molecular Weight Gas Constant  Specific Heat
W kg/kmol kJ/(kg K) kJ/(kg K)
Air — 28.97 0.2870 1.005
Argon Ar 39.948 0.2081 0.5203
Butane C4Hyg 58.124 0.1433 1.7164
Carbon dioxide coO, 44.01 0.1889 0.846
Carbon monoxide CO 28.011 0.2968 1.040
Ethane C,Hg 30.070 0.2765 1.7662
Ethylene C,H, 28.054 0.2964 1.5482
Helium He 4.003 2.0769 5.1926
Hydrogen H, 2.016 4.1240 14.307
Methane CH, 16.043 0.5182 2.2537
Neon Ne 20.183 0.4119 1.0299
Nitrogen N, 28.013 0.2968 1.039
Octane CsHig 114.230 0.0729 1.7113
Oxygen O, 31.999 0.2598 0.918
Propane C;Hg 44.097 0.1885 1.6794

Steam H,O 18.015 0.4615 1.8723
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APPENDIX D

The following table lists the ideal gas-specific heat at constant pressure at
various temperatures.

T(K) Ailr COQ CcO Hg HQO(g) N2 02
kJ/(kg K) kJ/(kg K) Kk]/(kg K) k]/(kg K) k](kmol K) kJ/(kg K) Kk]/(kg K)
250 1.003 0.791 1.039 14.051 33.324 1.039 0913
300 1.005 0.846 1.040 14.307 33.669 1.039 0.918
350 1.008 0.895 1.043 14.427 34.051 1.041 0.928
400 1.013 0.939 1.047 14.476 34.467 1.044 0.941
450 1.020 0.978 1.054 14.501 34.914 1.049 0.956
500 1.029 1.014 1.063 14.513 35.390 1.056 0.972
550 1.040 1.046 1.075 14.530 35.891 1.065 0.988
600 1.051 1.075 1.087 14.546 36.415 1.075 1.003

650  1.063 1.102 1.100 14.571 36.960 1.086 1.017
700  1.075 1.126 1.113 14.604 37.523 1.098 1.031
750  1.087 1.148 1.126 14.645 38.100 1.110 1.043
800  1.099 1.169 1.139 14.695 38.690 1.121 1.054
900 1.121 1.204 1.163 14.822 39.895 1.145 1.074
1000 1.142 1.234 1.185 14.983 41.118 1.167 1.090
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APPENDIX E

The following table lists specific heat at constant pressure for saturated
liquid water H,O.

Temperature (°C) Specific Heat, Cp kjI(kg K)
0 42178
20 4.1818
40 4.1784
60 4.1843
80 4.1964
100 4.2161
120 4.250
140 4.283
160 4.342

180 4.417
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APPENDIX F

The following tables list thermodynamic data for hydrogen, oxygen, water,
carbon monoxide, carbon dioxide, methane, and nitrogen for 200 through
1000 K.

Hydrogen Thermodynamic Data

T(K) &(T)(k]/mol) h(T)(k]/mol) 3(T)(]/mol K) C,(T)(J/mol K)
200 -26.66 -2.77 119.42 27.26
220 -29.07 -2.22 122.05 27.81
240 -31.54 -1.66 124.48 28.21
260 -34.05 -1.09 126.75 28.49
280 -36.61 -0.52 128.87 28.7
298.15 -38.96 0 130.68 28.84
300 -39.20 0.05 130.86 28.85
320 —41.84 0.63 132.72 28.96
340 —44.51 1.21 134.48 29.04
360 —47.22 1.79 136.14 29.1
380 -49.96 2.38 137.72 29.15
400 -52.73 2.96 139.22 29.18
420 -55.53 3.54 140.64 29.21
440 -58.35 4.13 142 29.22
460 —-61.21 4.71 143.3 29.24
480 —-64.08 5.3 144.54 29.25
500 -66.99 5.88 145.74 29.26
520 -69.91 6.47 146.89 29.27
540 -72.86 7.05 147.99 29.28
560 -75.83 7.64 149.06 29.3
580 -78.82 8.22 150.08 29.31
600 -81.84 8.81 151.08 29.32
620 -84.87 9.4 152.04 29.34
640 -87.92 9.98 152.97 29.36
660 -90.99 10.57 153.87 29.39
680 -94.07 11.16 154.75 29.41
700 -97.18 11.75 155.61 29.44

720 -100.30 12.34 156.44 29.47
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T(K) S(T)(kJ/mol)  K(T)(kj/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
740 ~103.43 12.93 157.24 29.5
760 ~106.59 13.52 158.03 29.54
780 ~109.75 14.11 158.8 29.58
800 ~112.94 14.7 159.55 29.62
820 ~116.14 15.29 160.28 29.67
840 ~119.35 15.89 161 2972
860 ~122.58 16.48 161.7 29.77
880 ~125.82 17.08 162.38 29.83
900 ~129.07 17.68 163.05 29.88
920 ~132.34 18.27 163.71 29.94
940 ~135.62 18.87 164.35 30
960 ~138.91 19.47 164.99 30.07
980 ~142.22 20.08 165.61 30.14

1000 ~145.54 20.68 166.22 30.2

Oxygen Thermodynamic Data

T(K) &(T)(kJ/mol)  K(T)(kJ/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
200 —41.54 271 194.16 25.35
220 —45.45 219 196.63 26.41
240 ~49.41 ~1.66 198.97 27.25
260 -53.41 110 201.18 27.93
280 -57.45 ~0.54 203.27 28.48
298.15 ~61.12 0.00 205.00 28.91
300 ~61.54 0.03 205.25 28.96
320 ~65.66 0.62 207.13 29.36
340 ~69.82 121 208.92 29.71
360 ~74.02 1.81 210.63 30.02
380 ~78.25 2.41 212.26 30.30
400 -82.51 3.02 213.82 30.56
420 -86.80 3.63 215.32 30.79
440 91.12 4.25 216.75 31.00
460 9547 4.87 218.14 31.20
480 -99.85 5.50 219.47 31.39
500 ~104.25 6.13 220.75 31.56
520 ~108.68 6.76 221.99 31.73
540 ~113.13 7.40 223.20 31.89
560 ~117.61 8.04 224.36 32.04
580 ~122.10 8.68 225.48 32.19
600 ~126.62 9.32 226.58 32.32
620 113117 9.97 227.64 32.46
640 ~135.73 10.62 228.67 32.59
660 ~140.31 11.27 229.68 32.72
680 ~144.92 11.93 230.66 32.84
700 ~149.54 12.59 231.61 32.96

720 -154.18 13.25 232.54 33.07
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T(K) §(T)(kj/mol)  K(T)(kJ/mol)  $(T)(J/mol K)  C,(T)(J/mol K)
740 ~158.84 13.91 233.45 33.19
760 ~163.52 14.58 234.33 33.30
780 ~168.21 15.24 235.20 33.41
800 ~172.93 15.91 236.05 33.52
820 ~177.66 16.58 236.88 33.62
840 ~182.40 17.26 237.69 33.72
860 ~187.16 17.93 238.48 33.82
880 ~191.94 18.61 239.26 33.92
900 ~196.73 19.29 240.02 34.02
920 ~201.54 19.97 240.77 34.12
940 -206.36 20.65 241.51 34.21
960 211.20 21.34 242.23 34.30
980 ~216.05 22.03 242,94 34.40

1000 220.92 22.71 243.63 34.49

H,0(1) Thermodynamic Data

T(K) S(T)(kJ/mol)  K(T)(kj/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
273 ~305.01 287.73 63.28 76.10
280 ~305.46 ~287.20 65.21 75.81
298.15 ~306.69 -285.83 69.95 75.37
300 ~306.82 ~285.69 70.42 75.35
320 ~308.27 ~284.18 75.28 75.27
340 ~309.82 ~282.68 79.85 75.41
360 311.46 ~281.17 84.16 75.72
373 31258 ~280.18 86.85 75.99

H,0(g) Thermodynamic Data

T(K) &(T)(k]/mol) h(T)(k]/mol) $(T)(J/mol K) C,(T)(]/mol K)
280 -294.72 —242.44 186.73 33.53
298.15 -298.13 -241.83 188.84 33.59
300 -298.48 -241.77 189.04 33.60
320 -302.28 -241.09 191.21 33.69
340 -306.13 —240.42 193.26 33.81
360 -310.01 -239.74 195.20 33.95
380 -313.94 -239.06 197.04 34.10
400 -317.89 -238.38 198.79 34.26
420 -321.89 —237.69 200.47 34.44
440 -32591 —237.00 202.07 34.62
460 -329.97 -236.31 203.61 34.81
480 -334.06 -235.61 205.10 35.01
500 -338.17 -234.91 206.53 35.22
520 -342.32 -234.20 207.92 35.43
540 -346.49 -233.49 209.26 35.65

560 -350.69 -232.77 210.56 35.87



422 Appendix F

T(K) S(T)(kJ/mol)  K(T)(kj/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
580 ~354.91 ~232.05 211.82 36.09
600 -359.16 ~231.33 213.05 36.32
620 363.43 -230.60 214.25 36.55
640 ~367.73 -229.87 215.41 36.78
660 ~372.05 -229.13 216.54 37.02
680 ~376.39 ~228.39 217.65 37.26
700 ~380.76 ~227.64 218.74 37.50
720 ~385.14 2226.89 219.80 37.75
740 ~389.55 2226.13 220.83 37.99
760 ~393.97 ~225.37 221.85 38.24
780 -398.42 -224.60 222.85 38.49
800 402.89 -223.83 223.83 38.74
820 ~407.37 ~223.05 204.78 38.99
840 ~411.88 22227 225.73 39.24
860 416.40 2221.48 226.65 39.49
880 ~420.94 -220.69 227.56 39.74
900 ~425.51 ~219.89 228.46 40.00
920 ~430.08 ~219.09 229.34 40.25
940 —434.68 ~218.28 230.21 40.51
960 ~439.29 217.47 231.07 40.76
980 —443.92 ~216.65 231.91 41.01

1000 44857 215.83 232.74 41.27

CO Thermodynamic Data

T(K) &(T)(kJ/mol) h(T)(k]/mol) 3(T)(]/mol K) C,(T)(]/mol K)
200 -150.60 -113.42 185.87 30.20
220 -154.34 -112.82 188.73 29.78
240 -158.14 -112.23 191.31 29.50
260 -161.99 -111.64 193.66 29.32
280 -165.89 -111.06 195.83 29.20
298.15 -169.46 -110.53 197.66 29.15
300 -169.83 -110.47 197.84 29.15
320 -173.80 -109.89 199.72 29.13
340 -177.81 -109.31 201.49 29.14
360 -181.86 -108.72 203.16 29.17
380 -185.94 -108.14 204.73 29.23
400 -190.05 -107.56 206.24 29.30
420 -194.19 -106.97 207.67 29.39
440 -198.36 -106.38 209.04 29.48
460 -202.55 -105.79 210.35 29.59
480 -206.77 -105.20 211.61 29.70
500 -211.01 -104.60 212.83 29.82
520 -215.28 —-104.00 214.00 29.94
540 -219.57 -103.40 215.13 30.07

560 -223.89 -102.80 216.23 30.20
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T(K) &(T)(k]/mol) h(T)(k]/mol) 3(T)(]/mol K) C,(T)(J/mol K)
580 -228.22 -102.19 217.29 30.34
600 -232.58 -101.59 218.32 30.47
620 -236.95 -100.98 219.32 30.61
640 -241.35 -100.36 220.29 30.75
660 —-245.77 -99.75 221.24 30.89
680 -250.20 -99.13 222.17 31.03
700 -254.65 -98.50 223.07 31.17
720 -259.12 -97.88 223.95 31.31
740 -263.61 -97.25 224.81 31.46
760 -268.12 -96.62 225.65 31.60
780 -272.64 -95.99 226.47 31.74
800 -277.17 -95.35 227.28 31.88
820 -281.73 -94.71 228.07 32.01
840 -286.30 -94.07 228.84 32.15
860 -290.88 -93.43 229.60 32.29
880 -295.48 -92.78 230.34 32.42
900 -300.09 -92.13 231.07 32.55
920 -304.72 -91.48 231.79 32.68
940 -309.37 -90.82 232.49 32.81
960 -314.02 -90.17 233.18 32.94
980 -318.69 -89.51 233.86 33.06

1000 -323.38 -88.84 234.53 33.18

CO, Thermodynamic Data

T(K) &(T)(kJ/mol) h(T)(k]/mol) 3(T)(]/mol K) C,(T)(]/mol K)
200 -436.93 -396.90 200.1 31.33
220 -440.95 396.25 203.16 32.77
240 -445.04 -395.59 206.07 34.04
260 -449.19 -394.89 208.84 35.19
280 -453.39 -394.18 211.48 36.24
300 -457.65 -393.44 214.02 37.22
320 -461.95 -392.69 216.45 38.13
340 -466.31 -391.92 218.79 39
360 -470.71 -391.13 221.04 39.81
380 -475.15 -390.33 223.21 40.59
400 -479.63 -389.51 225.31 41.34
420 -484.16 -388.67 227.35 42.05
440 —488.73 -387.83 229.32 42.73
460 —493.33 -386.96 231.23 43.38
480 —497.98 -386.09 233.09 44.01
500 -502.66 -385.20 234.9 44.61
520 -507.37 -384.31 236.66 45.2
540 512.12 -383.40 238.38 45.76
560 -516.91 -382.48 240.05 46.3

580 -521.72 -381.54 241.69 46.82
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T(K) g(T)(k]/mol) h(T)(k]/mol) 3(T)(J/mol K) C,y(T)(]/mol K)
600 526.59 -380.60 243.28 47.32
620 -531.46 -379.65 244.84 47.8
640 -536.37 -378.69 246.37 48.2.7
660 -541.31 -377.72 247.86 48.72
680 -546.28 -376.74 249.32 49.15
700 -551.29 -375.76 250.75 49.57
720 -556.31 -374.76 252.15 49.97
740 -561.37 -373.76 253.53 50.36
760 -566.45 -372.75 254 .88 50.73
780 -571.56 -371.73 256.2 51.09
800 -576.71 -370.70 257.5 51.44
820 581.86 -369.67 258.77 51.78
840 -587.05 -368.63 260.02 52.1
860 -592.26 -367.59 261.25 52.41
880 -597.50 -366.54 262.46 52.71
900 -602.76 365.48 263.65 53
920 -608.05 -364.42 264.82 53.28
940 -613.35 -363.35 265.97 53.55
960 -618.68 -362.27 267.1 53.81
980 624.04 -361.19 268.21 54.06

1000 -629.41 -360.11 269.3 54.3

CH, Thermodynamic Data

T(K) g(T)(k]J/mol) h(T)(k]/mol) 3(T)(J/mol K) C,(T)(]/mol K)
200 -112.69 -78.25 172.23 36.30
220 -116.17 -77.53 175.63 35.19
240 -119.71 -76.83 178.67 34.74
260 -123.32 -76.14 181.45 34.77
280 -126.97 -75.44 184.03 35.12
298.15 -130.33 -74.80 186.25 35.65
300 -130.68 -74.73 186.48 35.71
320 -134.43 -74.01 188.80 36.47
340 -138.23 -73.27 191.04 37.36
360 -142.07 -72.52 193.20 38.35
380 -145.95 -71.74 195.31 39.40
400 -149.88 -70.94 197.35 40.50
420 -153.85 -70.12 199.36 41.64
440 -157.86 -69.27 201.32 42.80
460 -161.90 -68.41 203.25 43 .98
480 -165.99 -67.51 205.15 45.16
500 -170.11 -66.60 207.01 46.35
520 -174.27 -65.66 208.86 47.54
540 -178.46 -64.70 210.67 48.73
560 -182.69 -63.71 212.47 49.90
580 -186.96 -62.70 214.24 51.07
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T(K) &(T)(k]/mol) h(T)(k]/mol) 3(T)(]/mol K) C,(T)(J/mol K)
600 -191.26 -61.67 215.99 52.23
620 -195.60 -60.61 217.72 53.37
640 -199.97 -59.53 219.43 54.50
660 -204.38 -58.43 221.13 55.61
680 -208.82 -57.31 222.80 56.71
700 -213.29 -56.16 224.46 57.79
720 -217.79 -55.00 226.10 58.85
740 -222.33 -53.81 227.73 59.90
760 -226.90 -52.60 229.34 60.93
780 -231.51 -51.37 230.94 61.94
800 -236.14 -50.13 232.52 62.93
820 -240.81 -48.86 234.08 63.90
840 -245.50 -47.57 235.64 64.85
860 -250.23 —46.26 237.17 65.79
880 -254.99 —44.94 238.70 66.70
900 -259.78 -43.60 240.20 67.60
920 -264.60 —42.23 241.70 68.47
940 -269.45 -40.86 243.18 69.33
960 -274.33 -39.46 244.65 70.17
980 -279.23 -38.05 246.11 70.99

1000 -284.17 -36.62 247.55 71.79

N, Thermodynamic Data

T(K) &(T)(kJ/mol)  K(T)(kJ/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
200 ~38.85 283 180.08 28.77
220 —42.48 226 182.82 28.72
240 ~46.16 ~1.68 185.31 28.72
260 ~49.89 111 187.61 28.76
280 -53.66 ~0.53 189.75 28.81
298.15 -57.11 0 191.56 28.87
300 ~57.48 0.04 191.74 28.88
320 ~61.33 0.62 193.6 28.96
340 ~65.22 1.2 195.36 29.05
360 ~69.15 1.78 197.02 29.14
380 ~73.10 2.37 198.6 29.25
400 ~77.09 2.95 200.11 29.35
420 -81.11 3.54 201.54 29.46
440 -85.15 4.13 202.91 29.57
460 -89.22 4.72 204.23 29.68
480 -93.32 5.32 205.5 29.79
500 -97.44 5.92 206.71 29.91
520 ~101.59 6.51 207.89 30.02
540 ~105.76 7.12 209.02 30.13
560 ~109.95 7.72 210.12 30.24

580 -114.16 8.33 211.19 30.36
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T(K) S(T)(kJ/mol)  K(T)(kj/mol)  §(T)(J/mol K)  C,(T)(J/mol K)
600 ~118.40 8.93 212.22 30.47
620 ~122.65 9.54 213.22 30.58
640 ~126.92 10.16 214.19 30.69
660 1131.22 10.77 215.14 30.8
680 ~135.53 11.39 216.06 30.91
700 ~139.86 12.01 216.96 31.02
720 14421 12.63 217.83 31.13
740 ~148.57 13.25 218.69 31.24
760 ~152.96 13.88 219.52 31.34
780 ~157.35 14.51 220.34 31.45
800 ~161.77 15.14 221.13 31.55
820 ~166.20 15.77 221.91 31.66
840 ~170.64 16.4 222.68 31.76
860 ~175.11 17.04 223.43 31.86
880 ~179.58 17.68 224.16 31.96
900 ~184.07 18.32 224.88 32.06
920 ~188.58 18.96 225.58 32.16
940 ~193.10 19.61 226.28 32.25
960 ~19.63 20.25 226.96 32.35
980 ~202.1 20.9 227.63 32.44

1000 -206.3 21.55 228.28 32.54




APPENDIX G

The following table lists binary diffusion coefficients for relevant fuel cell
substances at 1 atmosphere.

Substance A Substance B T(K) D jp(m?/s)
Acetone Air 298 0.11 x 10™*
Acetone H,O 298 0.13 x 10°®
Ar N, 293 0.19 x 10*
Benzene Air 298 0.88 x 107°
coO, Air 298 0.16 x 10
coO, N, 293 0.16 x 10
CO, O, 273 0.14 x 10
CO, H,O 298 0.20 x 1078
Ethanol H,O 298 0.12 x 107
G H,O 298 0.94 x 107
Glucose H,O 298 0.69 x 107
H, Air 273 0.41 x 107
H, O, 273 0.70 x 107
H, N, 273 0.68 x 10
H, CO, 273 0.55x 10*
H, H,O 298 0.63 x 10°®
H,0O Air 298 0.26 x 107
N, H,0O 298 0.26 x 107
Naphthalene Air 300 0.62 x 107
NH; Air 298 0.28 x 10
O, Air 298 0.21 x 10
O, N, 273 0.18 x 10*
O, H,O 298 0.24 x 1078
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Properties of Saturated Water (Liquid-Vapor): Temperature Table

Temp. Press.  Specific Volume Internal Energy Enthalpy kJ/kg Entropy Temp.
°C Bars m3/k kJ/k kJ/kg - K °C
N Ik Sat. Evap. Sat. L
Sat. Sat. Sat. Sat.  Liquid hy, Vapor  Sat. Sat.
Liquid  Vapor Liquid Vapor h, h, Liquid Vapor
vy x 10° Ve uy u, S S,

.01 0.00611 1.0002 206.136 0.00 2375.3 0.01 2501.3 2501.4 0.0000 9.1562 .01
4 0.00813 1.0001 157.232 16.77 2380.9 16.78 2491.9 2508.7 0.0610 9.0514 4
5 0.00872 1.0001 147.120 20.97 2382.3 20.98 2489.6 2510.6 0.0761 9.0257 5
6 0.00935 1.0001 137.734 25.19 2383.6 2520 2487.2 2512.4 0.0912 9.0003 6
8 0.01072 1.0002 120917 33.59 23864 33.60 2482.5 2516.1 0.1212 8.9501 8
10 0.01228 1.0004 106.379 42.00 2389.2 42.01 2477.7 2519.8 0.1510 8.9008 10
11 0.01312 1.0004 99.857 46.20 2390.5 46.20 24754 2521.6 0.1658 8.8765 11
12 0.01402 1.0005 93.784 50.41 23919 50.41 2473.0 25234 0.1806 8.8524 12
13 0.01497 1.0007 88.124  54.60 2393.3 54.60 2470.7 25253 0.1953 8.8285 13
14 0.01598 1.0008 82.848 58.79 2394.7 58.80 2468.3 2527.1 0.2099 8.8048 14
15 0.01705 1.0009 77926 6299 2396.1 6299 24659 25289 0.2245 8.7814 15
16 0.01818 1.0011 73.333  67.18 23974 67.19 2463.6 2530.8 0.2390 8.7582 16
17 0.01938 1.0012 69.044 7138 2398.8 7138 24612 2532.6 0.2535 8.7351 17
18 0.02064 1.0014 65.038 75.57 2400.2 75.58 2458.8 25344 0.2679 8.7123 18
19 0.02198 1.0016 61.293 79.76 2401.6 79.77 2456.5 2536.2 0.2823 8.6897 19
20 0.02339 1.0018 57.791 83.95 24029 83.96 2454.1 2538.1 0.2966 8.6672 20
21 0.02487 1.0020 54.514 88.14 2404.3 88.14 2451.8 25399 0.3109 8.6450 21
22 0.02645 1.0022 51.447 9232 2405.7 9233 24494 2541.7 0.3251 8.6229 22
23 0.02810 1.0024 48.574 96.51 2407.0 96.52 2447.0 2543.5 0.3393 8.6011 23
24 0.02985 1.0027 45.883 100.70 2408.4 100.70 2444.7 25454 0.3534 8.5794 24
25 0.03169 1.0029 43.360 104.88 2409.8 104.89 24423 2547.2 0.3674 8.5580 25
26 0.03363 1.0032 40.994 109.06 2411.1 109.07 2439.9 2549.0 0.3814 8.5367 26
27 0.03567 1.0035 38.774 113.25 2412.5 113.25 2437.6 2550.8 0.3954 8.5156 27
28 0.03782 1.0037 36.690 117.42 24139 117.43 24352 2552.6 0.4093 8.4946 28
29 0.04008 1.0040 34.733 121.60 24152 121.61 2432.8 2554.5 0.4231 8.4739 29
30 0.04246 1.0043 32.894 125.78 2416.6 125.79 2430.5 2556.3 0.4369 4.4533 30
31 0.04496 1.0046 31.165 129.96 2418.0 129.97 2428.1 2558.1 0.4507 8.4329 31
32 0.04759 1.0050 29.540 134.14 24193 134.15 2425.7 2559.9 0.4644 8.4127 32
33 0.05034 1.0053 28.011 138.32 2420.7 138.33 2423.4 2561.7 0.4781 8.3927 33
34 0.05324 1.0056 26.571 142.50 2422.0 142.50 2421.0 2563.5 0.4917 8.3728 34
35 0.05628 1.0060 25216 146.67 2423.4 146.68 2418.6 2565.3 0.5053 8.3531 35
36 0.05947 1.0063 23.940 150.85 2424.7 150.86 2416.2 2567.1 0.5188 8.3336 36
38 0.06632 1.0071 21.602 159.20 2427.4 159.21 2411.5 2570.7 0.5458 8.2950 38
40 0.07384 1.0078 19.523 167.56 2430.1 167.57 2406.7 25743 0.5725 8.2570 40
45 0.09593 1.0099 15.258 188.44 2436.8 188.45 2394.8 2583.2 0.6387 8.1648 45
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Temp. Press.  Specific Volume Internal Energy Enthalpy kJ/kg Entropy Temp.
°C B 3/k kJ/k kJ/kg - K °C
as m3/ks Jiks Sat. Evap. Sat. kg
Sat. Sat. Sat. Sat.  Liquid hy, Vapor  Sat. Sat.

Liquid  Vapor Liquid Vapor h, h, Liquid Vapor

vy x 10° Ve u; u, S S
50 1235 1.0121 12.032 209.32 2443.5 209.33 2382.7 2592.1 .7038 8.0763 50
55 1576 1.0146  9.568  230.21 2450.1 230.23 2370.7 2600.9 .7679 7.9913 55
60 1994 1.0172  7.671  251.11 2456.6 251.13 2358.5 2609.6 .8312 7.9096 60

65 2503 1.0199  6.197  272.02 2463.1 272.06 2346.2 26183 .8935 7.8310 65
70 3119 1.0228 5.042 29295 2469.6 29298 2333.8 2626.8 .9549 7.7553 70
75 3858 1.0259  4.131 31390 24759 31393 23214 26353 1.0155 7.6824 75
80 4739 1.0291 3.407  334.86 24822 33491 2308.8 2643.7 1.0753 7.6122 80
85 5783 1.0325  2.828  355.84 2488.4 35590 2296.0 26519 1.1343 7.5445 85
90 7014 1.0360  2.361  376.85 2494.5 376.92 2283.2 2660.1 1.1925 7.4791 90
95 .8455  1.0397 1.982  397.88 2500.6 397.96 2270.2 2668.1 1.2500 7.4159 95
100 1.014 1.0435 1.673  418.94 2506.5 419.04 2257.0 2676.1 1.3069 7.3549 100
110 1.433 1.0516 1210 461.14 2518.1 461.30 2230.2 2691.5 1.4185 7.2387 110
120 1.985 1.0603  0.8919 503.50 2529.3 503.71 2202.6 2706.3 1.5276 7.1296 120
130 2.701 1.0697  0.6685 546.02 2539.9 546.31 21742 2720.5 1.6344 7.0269 130
140 3.613 1.0797  0.5089 588.74 2550.0 589.13 2144.7 2733.9 1.7391 6.9299 140
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Properties of Saturated Water (Liquid—Vapor): Pressure Table

Press. Temp. Specific Volume Internal Enthalpy kJ/kg Entropy Press.
Bars °C m®/kg Energy kJ/kg kJ/kg - K Bars
Sat. Evap. Sat.
Sat. Sat. Sat. Sat.  Liquid  hy, Vapor  Sat. Sat.
Liquid  Vapor Liquid Vapor h, h, Liquid Vapor
v x 10° Ve uy 1, s Sg

0.04 2896 1.0040 34.800 121.45 24152 121.46 2432.9 25544 0.4226 8.4746 0.04
0.06 36.16 1.0064 23.739 151.53 2425.0 151.53 24159 2567.4 0.5210 8.3304 0.06
0.08 41.51 1.0084 18.103 173.87 2432.2 173.88 2403.1 2577.0 0.5926 8.2287 0.08
0.10 45.81 1.0102 14.674 191.82 24379 191.83 2392.8 2584.7 0.6493 8.1502 0.10
020 60.06 1.0172 7.649 25138 2456.7 251.40 2358.3 2609.7 0.8320 7.9085 0.20
0.30 69.10 1.0223 5229 289.20 2468.4 289.23 2336.1 2625.3 0.9439 7.7686 0.30
0.40 75.87 1.0265 3.993 317.53 2477.0 317.58 2319.2 2636.8 1.0259 7.6700 0.40
0.50 81.33 1.0300 3.240 340.44 24839 340.49 23054 26459 1.0910 7.5939 0.50
0.60 8594 1.0331 2.732 359.79 2489.6 359.86 2293.6 2653.5 1.1453 7.5320 0.60
0.70 8995 1.0360 2.365 376.63 2494.5 376.70 2283.3 2660.0 1.1919 7.4797 0.70
0.80 93.50 1.0380  2.087 391.58 2498.8 391.66 2274.1 2665.8 1.2329 7.4346 0.80
0.90 96.71 1.0410 1.869  405.06 2502.6 405.15 2265.7 2670.9 12695 7.3949  0.90
1.00 99.63 1.0432 1.694  417.36 2506.1 417.46 2258.0 2675.5 1.3026 7.3594 1.00
1.50 111.4 1.0528 1.159  466.94 2519.7 467.11 2226.5 2693.6 1.4336 7.2233 1.50
2.00 1202 1.0605  0.8857 504.49 2529.5 504.70 2201.9 2706.7 1.5301 7.1271  2.00
2.50 127.4 1.0672  0.7187 535.10 2537.2 53537 2181.5 27169 1.6072 7.0527  2.50
3.00 133.6 1.0732  0.6058 561.15 2543.6 561.47 2163.8 27253 1.6718 6.9919 3.00
3.50 1389 1.0786  0.5243 583.95 25469 58433 2148.1 27324 1.7275 6.9405 3.50
4.00 143.6 1.0836  0.4625 604.31 2553.6 604.74 2133.8 2738.6 1.7766 6.8959  4.00
4.50 1479 1.0882  0.4140 622.25 2557.6 623.25 2120.7 27439 1.8207 6.8565 4.50
5.00 151.9 1.0926 0.3749 639.68 2561.2 640.23 2108.5 2748.7 1.8607 6.8212  5.00
6.00 1589 1.1006  0.3157 669.90 2567.4 670.56 2086.3 2756.8 19312 6.7600 6.00
7.00 1650 1.1080  0.2729 696.44 2572.5 697.22 2066.3 2763.5 1.9922 6.7080 7.00
8.00 1704 1.1148  0.2404 720.22 2576.8 721.11 2048.0 2769.1 2.0462 6.6628  8.00
9.00 1754 1.1212  0.2150 741.83 2580.5 742.83 2031.1 2773.9 2.0946 6.6226 9.00
10.0 1799 11273  0.1944 761.68 2583.6 762.81 20153 2778.1 2.1387 6.5863 10.0
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Properties of Superheated Water Vapor

T°C vm’lkg ukj/kg hkJ/kg skj/kg-K  vm®/kg ukj/kg hkj/kg skJ/kg-K
p = 0.06 bar = 0.006 MPa p = 0.35 bar = 0.035 MPa
(T = 36.16 °C) (T = 72.69 °C)

Sat. 23.739 2425.0 2567.4 8.3304 4.526 2473.0 26314 7.7158

80 27.132 2487.3 2650.1 8.5804 4.625 2483.7  2645.6 7.7564
120 30.219 2544.7 2726.0 8.7840 5.163 25424  2723.1 7.9644
160 33.302 2602.7 2802.5 8.9693 5.696 2601.2  2800.6 8.1519
200 36.383 2661.4 2879.7 9.1398 6.228 2660.4  2878.4 8.3237
240 39.462 2721.0 2957.8 9.2982 6.758 2720.3 2956.8 8.4828
280 42.540 2781.5  3036.8 9.4464 7.287 2780.9  3036.0 8.6314
320 45.618 2843.0 3116.7 9.5859 7.815 2842.5 3116.1 8.7712
360 48.696 2905.5 3197.7 9.7180 8.344 2905.1  3197.1 8.9034
400 51.774 2969.0  3279.6 9.8435 8.872 2968.6  3279.2 9.0291
440 54.851 3033.5 3362.6 9.9633 9.400 3033.2  3362.2 9.1490
500 59.467 3132.3 3489.1 10.1336 10.192 3132.1 3488.8 9.3194
T°C vm’/kg wukJ/kg hkJ/kg skj/kg-K  vm®/kg ukJ/kg hkJ/kg skJ/kg-K

p =0.70 bar = 0.07 MPa p=1.0bar=0.10 MPa
Ty = 89.95 °C) (Tyo = 99.63 °C)

Sat. 2.365 24945  2660.0 7.4797 1.694 2506.1 2675.5 7.3594
100 2.434 2509.7 2680.0 7.5341 1.696 2506.7  2676.2 7.3614
120 2.571 2539.7  2719.6 7.6375 1.793 2537.3  2716.6 7.4668
160 2.841 2599.4 2798.2 7.8279 1.984 2597.8 2796.2 7.6597
200 3.108 2659.1 2876.7 8.0012 2.172 2658.1 2875.3 7.8343
240 3.374 2719.3 2955.5 8.1611 2.359 2718.5 2954.5 7.9949
280 3.640 2780.2  3035.0 8.3162 2.546 2779.6  3034.2 8.1445
320 3.905 2842.0 31153 8.4504 2.732 2841.5 3114.6 8.2849
360 4.170 2904.6  3196.5 8.5828 2917 2904.2 31959 8.4175
400 4.434 2968.2  3278.6 8.7086 3.103 2967.9  3278.2 8.5435
440 4.698 30329  3361.8 8.8286 3.288 3032.6  3361.4 8.6636
500 5.095 3131.8 3488.5 8.9991 3.565 3131.6  3488.1 8.8342
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T°C vm’lkg wukJ/kg hkJ/kg skj/kg-K vm’/kg ukj/kg hkj/kg skj/kg-K

p = 1.5 bars =0.15 MPa p = 3.0 bars = 0.30 MPa

(Tow = 111.37 °C) (Towe = 133.55 °C)

Sat. 1.159 2519.7  2693.6 7.2233 0.606 2543.6  2725.3 6.9919
120 1.188 2533.3 2711.4 7.2693

160 1.317 2595.2  2792.8 7.4665 0.651 2587.1  2782.3 7.1276
200 1.444 2656.2  2872.9 7.6433 0.716 2650.7  2865.5 7.3115
240 1.570 2717.2 29527 7.8052 0.781 2713.1  2947.3 7.4774
280 1.695 2778.6  3032.8 7.9555 0.844 27754  3028.6 7.6299
320 1.819 2840.6  3113.5 8.0964 0.907 2838.1  3110.1 7.7722
360 1.943 2903.5  3195.0 8.2293 0.969 2901.4  3192.2 7.9061
400 2.067 2967.3 32774 8.3555 1.032 2965.6  3275.0 8.0330
440 2.191 3032.1  3360.7 8.4757 1.094 3030.6  3358.7 8.1538
500 2.376 3131.2  3487.6 8.6466 1.187 3130.0 3486.0 8.3251
600 2.685 3301.7  3704.3 8.9101 1.341 3300.8  3703.2 8.5892
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Page numbers in the form lap refer to the appendices

A
Activation energy, 55-6
Activation losses, 65-6, 249-50, 263

activation overpotential equation,

65-7

current density and, 69

exchange current density and, 62

temperature and, 68

transfer coefficient and, 63
Activation polarization, 53-4, 65-6
Adiabatic compression, 374
Agglomerate models, catalyst layers,

253-4

flooded agglomerate models, 251-2

spherical agglomerate models, 252
Air compressors, See Compressors
Air cooling, 159-61
Air mass flow rate, 100, 101
Analysis of variance (ANOVA), 405-7
Annular flow model, 317
Anode, 243

catalyst layer, 151-2

diffusion media, 150-1

See also Catalyst layers; Electrodes
Axial fan, 371

B
Back diffusion, 91
Baur, Emil, 7
Bernoulli equation, 340-1
Binary diffusion coefficients, 14ap
Bipolar plates, 269-70
energy balance, 147-50

micro fuel cells, 302-3
flow channels, 302-3
See also Flow field plates
Black Pearls BP 2000, 245
Blowers, 369-72
power, 372
Bolts, 347, 354
stiffness of bolted layers, 349-52, 354
See also Clamping
Boltzmann’s constant, lap, 56
Boundary conditions, micro fuel cells,
310-12
Boxplot, 404
Brinkman number, 284
Bubbles, 314-15
Butler-Volmer equation, 9, 57-64, 113,
246, 250

C
Cailleteton, Louis Paul, 7
Capillary effects, 201
micro fuel cells, 315-16
Carbon dioxide thermodynamic data,
10-11ap
Carbon layer, 199, 245
micro fuel cells, 301-2
Carbon monoxide thermodynamic
data, 9-10ap
Carlisle, Anthony, 6
Carman-Kozeny equation, 215
Catalyst layers, 243-5
energy balance, 151-2
equations used in modeling, 244
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general equations, 246-8
heat transport, 255
model types, 248-55
agglomerate models, 253-5
interface models, 249-51
microscopic and single-pore
models, 251-2
porous electrode models, 252-3
modeling example, 256-62
physical description, 245-6
transport phenomena, 244
variables, 253
See also Electrodes
Cathode, 243
catalyst layer, 151-2
diffusion media, 150-1
See also Catalyst layers; Electrodes
Centrifugal compressor, 374
Channels, See Flow channels
Charge transfer, 51-2, 77
activation polarization, 53—4
electron conductivity of metals, 88-9
ionic conductivity of polymer
electrolytes, 89-91
voltage loss, 77-88
Chemical reactions:
free energy change, 33-40
distance from interface and, 55
in fuel cell, 2
Chevron Shawinigan, 245
Clamping, 346-59
force required for optimal
compression of GDL, 347-9
stiffness of bolted layers, 349-52,
354
tightening torque calculation, 352-3,
355-8
torque relation to total clamping
pressure, 3534
using bolts, 347
Colardeau, Louis Joseph, 7
Combination models, membrane
system, 176-7
Composite systems, 130
Compressors, 374-80
design, 376-80
efficiency, 374-6
power, 376
Concentrated solution theory, 174

Concentration losses, 97
Concentration polarization, 65
Condensation, gas diffusion layer, 211-
12, 217-18
Conduction, 128
transient, in a plate, 138-43, 144-5
Conductivity, 78-9, 271
as function of GDL compressed
thickness, 350
gas diffusion layer (GDL) models, 211
metals, 88-9
polymer electrolytes, 89-91
Nafion, 90
thermal, 129-31
Confidence intervals, 406-7
Conservation of energy equation, 180-1
See also Energy balance
Contact energy balance, 143-7
Convection, 97
mass transport from flow channels to
electrode, 108-10
mass transport in flow field plates,
114-17
Coolant mass flow rate, 161-3
Cooling, 156-64
air, 159-61
edge, 163-4
Crossover current, 74-5
Curies theorem, 208
Current, 52-3
crossover, 74-5
density, 74, 78
activation losses and, 69
distribution determination, 118-20
electrolyte thickness and, 82
land to channel and, 81
limiting, 112
effectiveness factor and, 263
internal, 74-5
Current-overpotential equation, 61

D
Darcy flow, 204-6
Darcy’s law, 9, 176, 204, 212, 21314,
215, 219
Dewpoint humidification, 368
Diffusion:
back diffusion, 91
binary diffusion coefficients, 14ap



diffusive models of membrane
system, 173
Fick models, 9, 110-11, 121
in porous media, 202, 203-10
Knudsen, 122, 202, 203-4, 207-10,
212
mass flux calculation, 1224
through membrane, 1234
mass transport in electrodes, 110-14
See also Gas diffusion layer (GDL)
Dilute solution theory, 173-4
Drifts in the measurement process, 394
Dusty Gas Model, 122, 212-13

E
Edge cooling, 1634
Efficiency, 44-7
compressors, 374-6
energy efficiency, 46-7
fans, 372, 373-4
pumps, 383
turbines, 380
Electrochemistry:
charge transfer, 51-2
activation polarization, 53—4
currents, 74-5
electrode kinetics, 54-64
electrokinetics concepts, 49-51
voltage losses, 64-73
Electrodes, 243
diffusive mass transport, 110-14
kinetics, 54-64
micro fuel cells, 301-2
porous electrode models, 252-3
See also Anode; Catalyst layers;
Cathode
Electrolyte, 167
ionic conductivity, 89-91
thickness, 81-2
cell current and, 82
ohmic loss and, 85
voltage and, 82
See also Membrane; Nafion
Electron charge, lap
Electron mass, lap
Electron transport, 79, 81
metals, 88-9
modeling, 181-2
Electroosmotic drag, 91
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End plate energy balance, 143-7
Energy balance, 132-56
fuel cell layers, 143-56
anode/cathode catalyst layer, 151-2
anode/cathode diffusion media,
150-1
bipolar plate, 147-50
end plates, contacts and gasket
materials, 143-7
membrane, 152, 180-1
fuel cell stack, 133-4, 153-6
nodal network, 138-40
transient conduction in a plate, 138-
43
Enthalpy, 16-18, 27
of formation, 2ap
of hydrogen, 22-6, 27
of oxygen, 22-6, 27
of water, 16-17, 22-6
Entropy, 2ap, 27-32, 32
of hydrogen, 30-2
of oxygen, 30-2
of water, 28, 30-2
Euler equations, 309
Evaporation:
gas diffusion layer, 211-12, 217-18
humidification, 368
Exchange current density, 60-2, 250-1
activation losses and, 62

F
Fans, 369-74
discharge coefficient, 371
efficiency calculation, 373-4
isentropic efficiency, 372
power, 372
pressure coefficient, 371
specific speed, 372
Faraday’s constant, lap
Faraday’s law, 115, 249, 250
Fick diffusion models, 9, 110-11, 121,
207, 210, 218
Flash evaporation humidification, 368
Flooded agglomerate models, catalyst
layers, 251-2
Flow channels, 114
design, 275-6, 302-3
interdigitated, 275, 302-3
spiral, 275, 303
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mass transport in, 114-17
micro fuel cells, 302-3
velocity in, 318-23
parallel, 272, 274, 302
pressure drop in, 276-82
calculation, 280-2
micro fuel cells, 316-18, 323-9
modeling, 323-9
serpentine, 272-4, 302-3
Flow field plates:
energy balance, 147-50
flow field design, 272-5
channel shape, dimensions and
spacing, 275-6, 302-3
heat transfer from plate channels to
gas, 283-8
mass transport, 114-17
materials, 271-2
micro fuel cells, 302-3
See also Flow channels
Flow rates:
calculation, 104-8
coolant, 161-3
inlet, 99-100
into fuel cell layers, 289-95
micro fuel cells, 313-14
outlet, 100-1
Flowcharts, 98, 132-3
Fossil fuels, 1, 4
Fourier’s law, 128
Free energy change of reaction, 33-40
distance from interface and, 55
Free molecule flow, 202, 203-4
Friction coefficient, 317, 341
Fuel cell stacks, 269-71, 335-60, 365
clamping, 346-59
force required for optimal
compression of GDL, 347-9
stiffness of bolted layers, 349-52,
354
tightening torque calculation, 352—
3, 355-8
torque relation to total clamping
pressure, 353—4
using bolts, 347
energy balance, 133-4, 153-6
fuel and oxidant distribution to cells,
340-1
micro fuel cells, 299-300, 303-7

number of cells, 337

sizing, 335-7

stack configuration, 338-9

transient pressure drop model,
342-6

See also System design

Fuel cells, 24

advantages of, 3

components, 4

energy balance, 133-4, 153-6

heat management, 156-64
See also Cooling

history of, 6-8

limitations, 3—4

markets for, 4-5
portable sector, 5
stationary sector, 5
transportation market, 5

models, See Modeling

reactions, 2

theoretical efficiency, 44-7
energy efficiency, 46-7

See also Fuel cell stacks; Micro fuel

cells; System design

Gas diffusion layer (GDL), 97, 110-12,

197-8
energy balance, 146, 150-1
force required for optimal
compression, 347-9
micro fuel cells, 301-2
model types, 210-15
conductivity, 211
evaporation/condensation, 211-12
gas-phase transport, 212-13
liquid water treatment, 213-14
rigorous two-phase flow models,
214-15
modeling example, 215-36
no liquid governing equations,
219-20
no liquid, no convection, constant
flux, 220-9
temperature modeling, 224-5
physical description, 198-9
treatments, 199
variables, 211
See also Porous media
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Gas pore model, catalyst layers, 251 Interface models, catalyst layers, 249—
Gas-phase transport, 212-13 51
Gasket material energy balance, 143-7  Internal current, 74-5
General Electric (GE), 7-8 Ionic transport, 79-80, 81
Generators, 5 modeling, 181-2
Gibbs free energy, 33, 55-8 polymer electrolytes, 89-91
See also Free energy change of Isothermal compression, 374
reaction
Gibbs function of formation, 2ap J
Graphite-carbon plates, 271 Jacques, William W., 7
Grove, William, 6
Grubb, Thomas, 7 K
Ketjen Black International, 245
H Kinematic condition, 311
Hagen-Poiseuille law, 313 Knudsen diffusion, 122, 202, 2034,
Heat transfer, 127-31 207-10, 212
catalyst layers, 255 Knudsen flow parameter, 205
from plate channels to gas, 283-8 microfluidics, 307, 311-12
heat loss, 131
material properties and, 153 L
See also Conduction; Convection; Lack-of-fit tests, 402-3
Cooling; Energy balance; Lag plot, 400
Radiative heat transfer Laminar flow, 307, 318, 341
Henry’s constant, 254 Land area, 80
Histograms, 398-401, 403 Langer, Carl, 7
Humidification process, 370 Laplace’s equation, 201, 311
Humidification systems, 367-9
Hydration, membrane, 90-1, 95, 172, M
174-5 Martinelli parameter, 317
Hydraulic models, 175-6 Mass balances, 98-101
Hydrogen, 52 Mass transport, 97-8
consumption, 52-3 calculation, 104-8
humidification system, 367 convective:
mass flow rate, 99 from flow channels to electrode,
into fuel cell layers, 295-6 108-10
unused hydrogen, 100 in flow field plates, 114-17
superficial flux density, 264 coolant mass flow rate, 161-3
thermodynamic data, 6-7ap diffusive, 202, 203-10
enthalpy, 22-6, 27 calculation, 1224
entropy, 30-2 in electrodes, 110-14
through membrane, 123-4
I Dusty Gas Model, 122
Ideal Gas Law, 207 Fick’s law, 121
Incompressible flow, 309 flow rates into fuel cell layers, 289-
Initial conditions, micro fuel cells, 95
310-12 in porous media, 202-10
Interdigitated flow channels, 275 inlet flow rates, 99-100
micro fuel cells, 302-3 models, 9-11

spiral, 275, 303 outlet flow rates, 100-1
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Stefan-Maxwell equation, 121
surface flow, 202, 208
viscous flow, 202, 204-6
Mathematical models, See Modeling
Maxwell-Stefan equation, See Stefan-
Maxwell equation
Membrane, 167-8
conductivity, 90, 95
energy balance, 152
hydration, 90-1, 95, 172, 174-5
mass diffusive flux through, 123-4
model types, 171-7
combination models, 176-7
concentrated solution theory, 174
diffusive models, 173
dilute solution theory, 173-4
hydraulic models, 175-6
membrane water content, 174-5
microscopic and physical models,
171-2
modeling example, 177-93
conservation of energy equation,
180-1
interface water activity relation,
183
ion/electron transport, 181-2
mass and species conservation,
178-9
membrane water activity relation,
183
mixture pressure relation, 182-3
momentum equation, 180
ohmic loss due to, 91-4
physical description, 168-70
thickness, 95
variables, 177
See also Electrolyte; Nafion
Membrane electrode assembly (MEA),
197
micro fuel cells, 300
Metals, electron conductivity, 88-9

Methane thermodynamic data, 11-12ap

Micro fuel cells, 299-330
bipolar plates, 302-3
flow channels, 302-3
bubbles, 314-15
capillary effects, 315-16
electrodes, 301-2
diffusion layer, 301-2

flow rates and pressures, 313-14
microfluidics, 307-13
boundary and initial conditions,
310-12
Euler equations, 309
incompressible flow, 309
Navier-Stokes equation, 307-8
Poiseuille flow, 312-13
Poiseuille flow with slip, 313
Stokes equations, 309-10
particles, 315
pressure drop, 316-18
modeling, 323-9
stack design and configurations, 299—
300, 303-7
velocity in microchannels, 318-20
plotting the 3-D velocity field,
320-3
Micro-electro mechanical systems
(MEMS) technology, 301
See also Micro fuel cells
Microchannel classification, 299, 300
Microscopic models:
catalyst layers, 251-2
membrane system, 171-2
Military equipment, 5
Missing terms in functional part of
model, 401-5
Mixture pressure relation, 182-3
Model validation, 393
missing terms in functional part of
model, 401-5
normal distribution of random errors,
398-401
residuals, 393-8
drifts in measurement process,
394
independent random errors, 394
plotting, 394-8
unnecessary terms in model, 405-7
Modeling, 8-13
common assumptions, 11
mathematical model development,
12-13
See also Catalyst layers; Gas
diffusion layer (GDL);
Membrane; Micro fuel cells
Momentum equation, 180
Mond, Ludwig, 7



N
Nafion, 89-91, 168-7
chemical structure, 89
conductivity, 90
energy balance, 152
hydration, 90-1, 172, 175
ohmic loss due to, 91-4
See also Electrolyte; Membrane
NASA, 7-8
Navier-Stokes equation, 307-8, 309,
312, 313
Nernst equation, 35-7, 112, 249
Nernst voltage calculation, 69-70
Nernst-Planck equation, 9, 110, 1734,
178
Net output voltage, 44
Nicholson, William, 6
Niedrach, Leonard, 7
Nitrogen mass flow rate, 100
Nitrogen thermodynamic data, 12—
13ap
Nodal network, 138-40
Normal probability plots, 398-401,
402
Nusselt number, 159, 160

(0)
Ohmic losses, 78, 79-81
calculation, 83-7
due to membrane, 91-4
electrolyte thickness and, 85
fuel cell area and, 88
Ohmic polarization, 65
Ohm’s law, 182
Ostwald, Friedrich Wilhelm, 7
Overfitting of data, 405
Oxidant distribution to cells, 340-1
Oxygen:
concentration, contour plot, 237
mass flow rate, 100
thermodynamic data, 7-8ap
enthalpy, 22-6, 27
entropy, 30-2

P

Parallel flow channels, 272, 274, 302
Particles, micro fuel cells, 315
Peclet number, 220, 284

Percent humidity, 367
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Permeability, 201-2
as function of GDL compressed
thickness, 350
Physical constants, lap
Physical models, membrane system,
171-2
Planck’s constant, lap, 56
Poiseuille flow, 312-13
with slip, 313
Poisson’s ratio, 347-8, 349, 352, 354
Polarization:
activation, 53-4, 65
concentration, 65
ohmic, 65
Polarization curve, 64, 65, 249, 264
micro fuel cells, 304
voltage loss calculation, 68-73
Polymer electrolyte membrane (PEM)
fuel cells, 1, 2
See also Fuel cells; Membrane
Polytetrafluoroethylene (PTFE)
membranes, 89
See also Nafion
Porous media:
modeling, 199-202
capillarity, 201
fluid properties, 200
permeability, 201-2
pore structure, 200
types of models, 210-15
transport modes, 202-10
binary mixtures, 207-10
free molecule or Knudsen flow,
202, 203-4, 207-10
ordinary (continuum) diffusion,
202, 206-7
surface flow, 202, 208
viscous flow, 202, 204-6
See also Gas diffusion layer (GDL)
Portable market sector, 5
Power:
available power calculation, 381-2
blowers, 372
compressors, 376
fans, 372
turbines, 380
Power curve, 74
micro fuel cells, 304
Prandtl number, 284
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Pressure drop, 276-82
calculation, 280-2
micro fuel cells, 316-18, 323-9

transient pressure drop model, 342-6

two-phase, 318
modeling, 323-9

Proton exchange, See Membrane
Proton transport, 170
Psychrometric chart, 369, 370
Pumps, 382-5

design, 383-5

efficiency, 383

R
Radiative heat transfer, 255
Random errors, 394

normal distribution of, 398-401
Residuals, 393-8

drifts in measurement process, 394

independent random errors, 394
plotting, 394-8
Resistance, 77-9, 271-2
Reversible cell potential, 44
calculation, 39-43

Reynolds number, 118, 159-60, 284,

310, 314
Richard’s equation, 217
Run order plot, 399

S

Saturated water properties, 15-17ap

Saturation, 214

contour plot, 238
Saturation humidity, 367
Scaling, 299
Scatterplots of residuals, 394-8
Schlogl’s equation, 9-11, 175-6

Schroeder’s paradox, 172, 174, 176

Serpentine flow channels, 2724
micro fuel cells, 302-3

Sherwood number, 108

Significance level, 405

Silicon, 305

Single-pore models, catalyst layers,

251-2
Specific heat, 3ap, 18-26

as function of temperature, 4ap, 19

water, 5ap

Spherical agglomerate models, catalyst
layers, 252
Spiral interdigitated flow channels,
275, 303
Standard deviation, 403
Standard internal energy, 55
Stationary market sector, 5
Steam injection humidification, 368
Stefan-Maxwell equation, 11, 121, 206
7,210, 212-13
Stokes equations, 309-10
Superheated water vapor properties,
18-19ap
Surface flow, 202, 208
System design, 365, 386-90
compressors, 374-80
fans and blowers, 369-74
fuel subsystem, 366
humidification systems, 367-9
pumps, 382-5
turbines, 380-1

T
Tafel equation, 66, 70
Tafel reaction, 50
Teflon, 211
Temperature, 127
activation losses and, 68
axial position and, 288
contour plot, 237
control, 156
See also Cooling
enthalpy and, 27
entropy and, 32
modeling, 218, 224-5
Nernst voltage and, 37
specific heat and, 19
See also Heat transfer
Thermal conductivity, 129-31
Thermodynamics, 15-16
enthalpy, 16-18
entropy, 27-32
free energy change of reaction,
33-40
net output voltage, 44
reversible cell potential, 44
specific heats, 18-26
theoretical fuel cell efficiency, 44-6



Thiele modulus, 254
Thompson, C., 7
Three-phase interphase, 245
Torque:

tightening torque calculation, 352-3,

355-8
total clamping pressure relation,
353-4
Transfer coefficient, 57-9, 60
activation losses and, 63
Transition State Theory, 54-5
Transportation market, 5
Turbines, 380-1
efficiency, 380
power, 380
Two-phase flow models, 214-15
Two-phase pressure drop, 318
modeling, 323-9

U
Universal gas constant, lap
Unnecessary terms in model, 405-7

A%
Validation, See Model validation
Vapor, See Water vapor
Vehicles, 5
Viscous flow, 202, 204-6
Viscous flow parameter, 205
Volmer reaction, 50
Voltage:
electrolyte thickness and, 82
land to channel and, 81
Voltage losses, 64-73
calculation, 68-73, 83-7
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due to charge transport, 77-88
due to membrane, 91-4
Vulcan XC72R, 245

W
Water:
back diffusion, 91
flow rates into fuel cell layers, 295-6
gas diffusion layer, 211-12
liquid water modeling, 213-14
humidification process, 370
humidification systems, 367-9
membrane hydration, 90-1, 95, 172,
174-5
membrane water activity relation, 183
saturated water properties, 15-17ap
superheated water vapor properties,
18-19ap
thermodynamic data, 8-9ap
enthalpy, 16-17, 22-6
entropy, 28, 30-2
Water channels, 172
Water injection flow rate, 1024
Water vapor, 100, 101
contour plot, 238
membrane interface water activity
relation, 183
superheated water vapor properties,
18-19ap
Wet bulb temperature, 369
Wright, Charles R. Alder, 7

Y
Young’s modulus, 347-8, 349, 351-2,
354
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