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ABSTRACT 

The fuel cell has come a long way since Sir Hubert Davy built the first 

prototype in 1801. After a slow 150 years, the fuel cell came to the attention of 

the world with the first slew of fuel cell operated vehicles in the 1950's. The 

next decade saw fuel cells used in NASA's Gemini and Apollo space 

missions. The 1990's have seen fuel cells in power plants, city busses, and 

space shuttle missions. Currently, $1 billion has been invested worldwide to 

investigate fuel cell operated vehicles as an alternate to Internal Combustion 

Engine (ICE) operated vehicles. With fuel cell efficiencies nearing 50%, low 

emissions and better reliability, fuel cell research is at an all-time high. This 

research will investigate the performance of the hydrogen circulation system 

of a Proton Exchange Membrane (PEM) fuel cell specifically designed for a 

hybrid vehicle. System parameters will be analyzed to find the optimum 

operating conditions for the hydrogen circulation system. 
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CHAPTER 1 

INTRODUCTION 

Fuel cells are simple devices, similar in construction to storage batteries, 

which continuously convert energy from various chemicals directly into electrical 

energy via a modified oxidation process. There is no Intermediary stage where 

energy must be expended to produce heat before producing power, and there 

are no moving parts. By eliminating the heat stage, reducing mechanical friction 

and reacting more efficiently the fuel with oxygen, fuel cells may theoretically 

approach 100% efficiency. The current operating efficiencies for fuel cells range 

from 45% to 85%, whereas efficiencies for most mechanical and electrical energy 

sources range between 15% to 40%. 

The limited supply of the world's supply of carbon based fuels together 

with the depletion of the ozone layer have paved the way for the search of 

alternate energy sources. The fuel cell is one of the leading candidates as the 

energy source of the future. The world's leading organizations have recognized 

the fuel cell as the leading candidate for the energy source of the future. Its use 

of hydrogen as a fuel source, zero emissions, low maintenance, high reliability 

and its quiet operation due to the lack of moving parts have resulted in a $1 

billion Invested worldwide for research and development to further mature the 

fuel cell technology. 

Currently, there are 2 MW fuel cells being produced for use as a 

supplemental power source in power plants in Japan. Furthermore, universities 



are researching fuel cells for use with hybrid vehicles. The 1999 Fuel Cell 

conference held In Rio De Janeiro, Brazil have set forth plans to have fuel cell 

operated city transportation vehicles in major cities around the world by the year 

2010. These cities include San Francisco, Vancouver and Tokyo. Power plants 

completely operated by fuel cells are projected to surface by the year 2030. 

These power plants would not only supply a city's power supply but heat and 

water as well. 

The recent advances in materials research technology have shot the 

Proton Exchange Membrane (PEM) fuel cell into stardom. PEM fuel cells offer a 

number of advantages over other fuel cell technologies for many market 

applications because of the compact size, low weight, low operating temperature, 

low noise level (due to the relative simplicity of the support systems required), 

relatively quick start up and desirable load response characteristics. The PEM 

fuel cell is ideal for use in homes and, more importantly, as the primary energy 

source in hybrid vehicles. 

The objective of this research is to investigate the parametric analysis of 

the hydrogen circulation system of a PEM fuel cell specifically designed for a 

hybrid vehicle. In doing so, a basic hydrogen circulation system schematic was 

constructed. The schematic was analyzed thermodynamically to predict the 

system performance. The hydrogen system to be modeled will include the 

following components: 

1. hydrogen tank, 

2. high pressure hydrogen regulator. 



3. Mass flow controller, 

4. Hydrogen Humidifier, 

5. Hydrogen humidifying water vapor supply, 

6. Fuel Cell, 

7. Hydrogen recycling pump. 

Experimental data provided by Energy Partners for their 20 kW PEM fuel 

cell. These data was used to parameterize the thermodynamic properties of the 

flow at the hydrogen input and output ports on the fuel cell. These data was also 

be used to determine the hydrogen humidity, temperature, pressure, and mass 

flow rate properties for the system. The research also explored the steady state 

operating condition for the system. Temperature, pressure and humidity of the 

hydrogen flow through each component were tracked. Finally, the research 

recommended system parameters for optimum operating conditions. 



CHAPTER 2 

BACKGROUND OF FUEL CELLS 

The theory behind fuel cells is not new. Hubert Davy, in 1801, constructed 

a cell using zinc and oxygen in an electrolyte, which permitted the direct 

conversion of chemical energy into electrical energy [Davy, 1801]. Although Davy 

is recognized as the first person to build a fuel cell. Sir William Grove is widely 

attributed to be the "Father of the Fuel Cell." Grove's insights were gained from 

his experiments in 1839 on the electrolysis of water. Grove demonstrated that 

fuel cells using gaseous fuels were possible. In his classical experiment, Grove 

used platinum catalyst electrodes to combine hydrogen and oxygen (the same 

catalyst and chemicals used in fuel cells today) to produce electricity. 

Ludwig Mond and Charles Langer, who attempted to build the first 

practical device using air and industrial coal gas, coined the term "fuel cell" in 

1889. Although Ludwig and Langer were not successful in their bid to build the 

first fuel cell, their research paved the way for future scientists [Adams et al., 

I960]. 

Attempts in the early 20th century to build fuel cells that could convert coal 

or carbon directly to electricity failed because of a lack of understanding of 

materials and electrode kinetics. Meanwhile, the internal combustion engine was 

fully developed. Petroleum was discovered and rapidly exploited. Electric 

vehicles and other electrochemical approaches to energy production were 

quickly supplanted. 



The first successful fuel cell devices resulted from inventions in 1932 by 

Francis Bacon [Boers and Ketelaar, I960]. He improved on the expensive 

platinum catalysts employed by Mond and Langer with a hydrogen-oxygen cell 

using a less corrosive alkaline electrolyte and inexpensive nickel electrodes. 

However, the technical challenges were daunting and it was not until 1959, a 

quarter of a century later, that Bacon and his coworkers were able to 

demonstrate a practical five-kilowatt system capable of powering a welding 

machine. 

In 1959, Harry Karl Ihrig of Allis-Chalmers Manufacturing Company 

demonstrated his famous 20-horsepower fuel cell-powered tractor. During the 

following decade, several scientists continued research, which eventually led 

another British scientist in the 1962 to build the first alkaline fuel cell system. This 

fuel cell system produced approximately one kilowatt of power energy. 

In the late 1950s, the National Aeronautics and Space Administration 

(NASA) began to search in earnest for a compact electhcity generator to provide 

onboard power for an upcoming series of manned space missions. After 

discarding nuclear reactors as too risky, batteries as too heavy and short-lived, 

and solar power as too cumbersome, NASA turned to fijel cells. With their fuel 

cell research, NASA was able to reliably supply electricity (and water) In Gemini, 

Apollo and Space Shuttle missions. 

In the 1960s, natural gas companies saw that fuel cells could be fueled 

with natural gas and started pouring funds into the idea. In the 1970's when the 

problems of the Middle East oil supplies became apparent, fuel cells again 



became popular due to their energy conservation benefits. As technology 

advanced in the 1980s, the U.S. Departments of Energy and Defense and the 

Electric Power Research Institute, plus private development companies joined 

together in allocating resources to the research on fuel cells. Utilization of fuel 

cells for automobiles, utility power production, and optimization of waste disposal 

solutions were rigorously pursued. 

These successes led to predictions that fuel cells would be the panacea to 

the world's energy problems. The same qualities that make fuel cells ideal for 

space exploration — small size, high efficiency, low emissions, minimal water 

use or net water production — appeal as well to stationary power producers. The 

technology with the earliest promise for central station generation, phosphoric 

acid fuel cells, now is being offered commercially. An 11-megawatt unit was 

demonstrated in Tokyo, Japan. More than one hundred 200-kilowatt units have 

been installed worldwide [Appleby, 1987]. More advanced designs, such as 

carbonate fuel cells and solid oxide fuel cells, are the focus of major electric utility 

efforts to bring the technology to the market. Full-sized (commercial) cells and 

full-height stacks have been successfully demonstrated for the carbonate fuel cell 

design. It has taken more than 150 years and $1 billion to develop the basic 

science and to realize the necessary materials improvement for fuel cells to 

become a commercial reality [Slaughter and Gillvarry, 1964]. 

One of the leading arguments to replace ICEs with fuel cells is the fuel 

cell's superior efficiency. There is ample documentation that states fuel cell 

efficiencies in the range of 35% to 80%. Adams et al. [1960] have reported on the 



thermal efficiency of a fuel cell compared to that of an ICE. They state that the 

relatively low efficiency associated with the heat cycle engines is the Carnot 

limitation. The Carnot limitation is defined by the Second Law of 

Thermodynamics and states that there is a severe limitation on efficiency when 

chemical energy is converted (through heat) into mechanical and electrical 

energy. They suggested that the maximum Carnot efficiency applies wherever 

heat is an intermediary. It was pointed out in their research that much of the 

current literature confuses the efficiency evaluation of fuel cells. In many cases, 

fuel cell efficiencies are compared with over-all thermal efficiencies for ICEs. 

They state that the only true comparison is to include the efficiencies of all the 

parts that go into both engines, such as electric motors and pumps. Their 

research showed that although the fuel cell is more efficient at lower operating 

temperatures (100 °C - 900 °C), the theoretical thermal efficiency of the ICE is 

greater at operating temperatures in excess of 1000°C. 

It has not been until the late 1950's that research has been done on fuel 

reforming for fuel cells. Since other fuels such as methanol, ethanol, methane, 

natural gas and gasoline are more readily available then pure hydrogen, studies 

have been done on obtaining hydrogen from hydrocarbon fuels (fuel reforming) 

to operate fuel cells. Rothschild [1964] demonstrated with his experiments that it 

was possible to efficiently reform natural gas and oil to be used in a 4 kW fuel cell 

with carbon and nickel electrodes and an alkaline electrolyte. He later followed 

up his experiment to successfully use the non-hydrocarbon methanol as his fuel. 

He led methanol through a catalytic reformer to convert it to CO and H2, then 



through a 'water gas shift' catalyst to convert the CO into H2 and CO2 and finally 

CO2 is removed before feeding the residual hydrogen to a hydrogen-air fuel cell. 

All pre-cell processes were automatically controlled. 

Slaughter and Gilvarry [1964] contemplated the possibility that a sixth of 

the wortd's electrical energy might be generated in this way, with a conversion 

efficiency of 40-50%. They calculated that 10 pounds of nickel would be required 

for each kW of power produced. They also concluded that if the world's entire 

present production of plafinum was diverted fi-om its normal channels and used 

as fuel cell catalyst, it would only be sufficient to produce 1% of the world's 

electrical power demand. They suggested that hydrogen production is not likely 

to be as cheap as this assessment implies. Plants to make hydrogen from other 

fuels would multiply the cost per kW and raise the final cost per unit of power 

produced above that which could be achieved with steam powered plants and 

ICEs. 

Hart and Womack [1967] reported on the application of the First and 

Second Laws of Thermodynamics to their fuel cell. They showed when applying 

the First Law of Thermodynamics the internal energy of the system includes all 

forms of energy which the system may hold: thermal, mechanical, electrical, 

surface, potential or kinetic, and also the energy associated with the chemical 

bonding in the molecules of the substance. They state that it should not be 

attempted to assign a value to the total energy of systems or substances but 

merely to energy changes which occur when recognizable changes in the 

chemical nature or physical state take place. They also explain that when a 



change occurs reversibly all terms in the First Law of Thermodynamics Equation 

become properties of the system and the heat and work no longer depend 

arbitrarily on how the reaction Is carried out. It is suggested that because of the 

Second Law of Thermodynamics, the maximum work is only available in a 

reversible change. This, In practice, cannot be realized since it can occur only 

infinitely slowly through a succession of time-Invariant states of the system in 

which every pressure is precisely balanced. In real or spontaneous changes, the 

work done is always found to be less than would have been possible in the 

infinitely slow or reversible one. 

Appleby [1987] experimented with maintenance procedures on a short 

stack PEM fuel cell. He argued that in the absence of moving parts maintenance 

costs should be held to a minimum. During the operation of his stack, failure 

control was fully automated. With sensors for the water, air and hydrogen 

circulation systems, the experiment insured a fail-safe operation and no 

shutdown ever occurred during a three-year operating period. Also, No full-time 

operator was required during runs, and occasional supervision proved to be 

adequate. He reports that In contrast during the long shutdown intervals the stack 

needed heating at least once a week for two hours to its nominal working 

temperature (185 °C). During this period he flushed the stack with H2 and CO2 

mixture to prevent the electrolyte from being diluted with atmospheric pressure. 

Finally he states that the occasional suppression of these treatments did not 

impair the routine, provided that the stack was properly sealed and that residual 

reforming gas protected the reformer bed. 



Esso Research and Engineering Corporation [1969] reported that they 

were able to increase the operating efficiency of a fuel cell by controlling the 

reactions at the cathode. They state that cutting off the oxidant supply for a short 

period of time (0.5-10 seconds) once every 6-10 hours of continuous operation 

can essentially restore the lost performance at the cathode. By this method it is 

possible to reactivate one cell at a time without having to shut down the cell or 

decrease its output. The cutting off process can be affected either by using a 

slowly rotating drum having extensions thereon which close off the oxidant inlet 

to the cathode every 8 hours or by using an intermittently operating device. They 

also reported that the fuel feed to a fuel cell that is operating on liquid fuel may 

be controlled by measuring the current in the cell, this current being a variable of 

the amount of liquid feed by increasing or decreasing this feed so as to obtain 

maximum efficiency. 

Berger (1968) found that the major considerations in the design and 

operation of single and multi-cell arrangements are related to the transfer of heat, 

mass and electrons. He argues that the greatest attention should be given to the 

achievement of uniformity in the properties and rates of the reactants. This was 

done to obtain at least quasi-uniformity in current density, mass transfer and heat 

transfer to and from the system. The problems that were associated with the 

system include long channels for the reactants. These were not recommended 

unless extremely high flow rates are used. At low flow rates, the current 

distribution was quite anisotropic, resulting in non-uniform heat rejection along 

the surface. 
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CHAPTER 3 

DESCRIPTION OF FUEL CELLS 

3.1 What is a Fuel Cell 

The fuel cell is a device that converts the chemical energy of a fuel into 

usable electrical energy and heat without combustion as an intermediate step. 

The fuel cell does this via a modified oxidation process. The process also 

produces pure water and other compounds depending upon the fuel used. Fuel 

cells can theoretically create electricity at higher efficiencies than mechanical 

systems since they have no moving parts and are not limited by the Carnot cycle. 

The absence of moving parts also allows them to operate quietly. 

Fuel cells are similar to batteries in that both produce a DC current by 

means of an electrochemical process. In both systems, two electrodes, an anode 

and a cathode, are separated by an electrolyte. Unlike batteries, however, fuel 

cells store their reactants (hydrogen and oxygen) externally, and operate 

continuously as long as they are supplied with fuel. 

The construction of an individual fuel cell resembles a sandwich. Fuel and 

oxidant are fed through separate manifolds to the anode and cathode 

compartments of the cells, divided by a bipolar separator plate. The anode is 

bathed with fuel, the cathode with oxidant. These electrodes consist mainly of 

porous, sintered nickel (anode) or nickel oxide (cathode). Layered between the 

electrodes is the carbonate electrolyte contained in a porous (ceramic) matrix. 

11 



The separator plates, electrodes, and electrolyte layers are known as 

"repeating" components. The separator plates can be cut inexpensively and bent 

to size. The electrodes and electrolyte layers are produced on continuous tape-

casting machines from relatively inexpensive materials and cut to length. Cell 

production lends itself well to automated factory fabrication. Individual cells 

generate a relatively small voltage, on the order of 0.7 to 1.0 Volt each (after 

accounting for resistance losses). The current produced by an individual fuel cell 

is approximately a linear function of cell surface area. For commercial cells, the 

two-foot by four-foot cell area is a trade-off between acceptable current 

(amperage) levels and manufacturing and transportation constraints [Boers and 

Ketelaar, I960]. 

The cells are combined into groups called "stacks" to achieve a useful 

voltage and power output Fuel cells emit almost none of the sulfur and nitrogen 

compounds released by conventional energy generating processes, and can 

utilize a wide variety of fuels if a fuel processor is used to release the hydrogen 

contained in them. The stacks have a projected commercial life of 40,000 hours. 

They degrade gradually over their projected life and must be replaced 

periodically [Adams et al., I960]. The stack replacement decision is in reality an 

economic one, trading off performance loss versus fuel cost. 

Stack design considerations include manifolds for uniform gas distribution 

to each cell and to maintain cell compression and mechanical integrity at the 

stack's high operating temperatures. Each stack has interconnections for fuel, 

air, and electricity. 

12 



3.2 How Does a Fuel Cell Work 

A fuel cell works on the basic principle that oxidation is a very exothermic 

reaction, that Is when an element is oxidized (chemically combined with oxygen) 

it releases energy. Most fuel cells involve a simple chemical reaction between 

two materials (a fuel and an oxidizer). Various designs operate using many 

different fuel/oxidizer combinations with the most common being hydrogen and 

oxygen. Generally, fuel cells require a catalyst, which reduces the activafion 

energy for a reaction, hence increasing the rate typically by orders of magnitude. 

Fuel cells operate In reverse of electrolysis. In a fuel cell hydrogen fuel 

and an oxidizer (oxygen) streams pass through porous metal plates separated by 

an electrolyte bath. The plates have a single electrical connection to each other, 

which is outside of the electrolyte bath. By feeding a fuel such as hydrogen 

through one porous electrode (the anode) in the presence of a catalyst, electrons 

are stripped from the fuel and make their way through the external circuit. 

Electricity can be captured from the external circuit and put to useful work. On 

the cathode side, oxygen molecules are separated into oxygen atoms and they 

combine with the hydrogen ions and anode electrons to create H2O and heat. 

In a PEM based fuel cell, the hydrogen gas is fed into a sealed chamber, 

where one wall of the chamber is a PEM membrane coated with a catalyst. The 

other side of the PEM membrane, also coated with a catalyst, is exposed to 

Oxygen. The membrane allows the small hydrogen proton to pass through, but 

rejects the larger H2 molecule. When the single hydrogen proton passes through 

the membrane, It leaves behind an electron. These electrons that are left behind 

13 



can be collected in a conductor. The concentrated electrons in a conductor 

causes a potential negative voltage on that conductor due to the excess of 

electrons. This voltage can be captured and used for electricity. 

3.3 Tvpes of Fuel Cells 

The fuel cell is in principle very simple, however the chemical reactions do 

not readily take place, and unless special materials are used for the electrodes 

and the electrolyte, the current produced per fuel cell stack area is extremely 

small. In addition, the electrical power losses in the electrolyte are very large. To 

overcome these problems different types of fuel cells have been developed. The 

different varieties are distinguished by the electrolyte used, though the 

construction of the electrodes is also different in each case. However, in all types 

there are separate reactions at the anode and the cathode, and charged ions 

move through the electrolyte, while electrons move round an external circuit. 

Another common feature is that the electrodes must be porous, because the 

gasses must be in contact with the electrode and the electrolyte at the same 

time. 

Several different substances have been used as the electrolyte in fuel 

cells, each with their own advantages and disadvantages. The four main types of 

fuel cells as defined by their electrolyte are: solid polymer fuel cells (also known 

as Proton Exchange Membrane Fuel Cells or PEMs); phosphoric acid fuel cells 

(PAFCs); molten carbonate fuel cells (MCFCs); and solid oxide fuel cells 

(SOFCs). Solid polymer fuel cells operate at lower temperatures (50-260X) and 

14 



are mainly designed for transportation applications. The other three operate at 

higher temperatures (up to 1000X for solid oxide fuel cells) and are being 

developed for use in co-generation and large central power plants. PAFCs are 

being used in the Department of Defense Fuel Cell Demonstration Program. 

Table 3.1 on the next page presents the characteristics of the 4 main types of 

fuel cells. 

3.3.1 Solid Polymer Fuel Cells 

Solid Polymer fuel cells operate at relatively low temperatures, have high 

power density, can vary their output quickly to meet shifts in power demand, and 

are suited for many different applications. According to the U.S. Department of 

Energy, "they are the primary candidates for light-duty vehicles, for buildings, and 

potentially for much smaller applications such as replacements for rechargeable 

batteries in video cameras" [Berger, p. 42]. While this type of cell is attractive for 

vehicular applications, especially when hydrogen is available as fuel, its 

deployment for stationary power will require significant effort. 

The most popular type of Solid Polymer fuel cell is the Proton Exchange 

Membrane (PEM) fuel cell. The low operating temperatures of the PEM fuel cell 

requires the electrodes to use a platinum catalyst to promote the reactions. PEM 

fuel cells offer a number of advantages over other fuel cell technologies for many 

market applications because of the compact size, low weight, low noise level 

(due to the relative simplicity of the support systems required), relatively quick 

start up and desirable load response charactenstics. 

15 
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Hydrogen, oxygen (or air), and cooling fluid are typically introduced from 

the end plates and pass through small channels in the conducting plates, under 

pressure. In this fashion, hydrogen is introduced to the cell anode, oxygen or air 

is introduced at the cell cathode, and heat is removed using the cooling fluid. 

To raise performance, traditional systems use a variety of methods to 

humidify cathode air. This requires a supply of pure water, which means that the 

system may be vulnerable to subfreezing temperatures. In addition, some 

systems use pressurized cathode air to raise performance and cooling plates are 

often included for additional heat removal. Fuel cell stacks consequently have a 

variety of subsystems managing heat, water, and pressure to service the stack 

itself. These subsystems can include water pumps, water purifiers, air 

compressors, coolant pumps, and a radiator. 

3.3.2 Phosphoric Acid Fuel Cells 

The Phosphoric Acid fuel cell is the most developed type of fuel cell. 

Phosphoric add technology does not lend itself well to small-scale applications 

due to the support systems required to manage liquid acids at such high 

operating temperatures necessitating the use of more expensive materials and 

greater maintenance requirements. However, it is already being used in such 

diverse applications as hospitals, nursing homes, hotels, office buildings, 

schools, utility power plants, and airport terminals. 

Phosphoric acid fuel cells generate electricity at more than 40% efficiency 

(nearly 85% of the steam it produces is used for cogeneration), compared to 30% 
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for the most efficient internal combustion engine [Appleby, 1987]. Operating 

temperatures are in the range of 200°C. These fuel cells also can be used in 

larger vehicles, such as buses and locomotives. 

A platinum catalyst is required for the electrodes. Conversion of the 

natural gas used as fuel to hydrogen-rich gas the system requires occurs outside 

of the fuel cell stacks. Phosphoric Acid fuel cells have proven that the inherent 

simplicity of fuel cells can be translated into highly reliable power sources. They 

have successfully run continuously for over 9000 hours without any maintenance 

requiring shutdown or human intervention 

However, in the long term, they are likely to lose out to the SOFC or the 

MCFC, as they do not run at high enough temperatures to internally reform 

methane. Since they run off natural gas, this must be done in an extra unit, 

adding to the size and cost, and also consuming energy. 

3.3.3 Molten Carbonate Fuel Cells 

Compared to the phosphoric acid type, the carbonate fuel cell operates at 

higher temperatures, can operate at or slightly above ambient pressure, and 

uses less expensive, nickel-based electrodes. Reforming can occur inside the 

fuel cell stacks. Internal reforming fuel cells, which are called Direct Fuel Cells 

(DFCs) are inherently more efficient compared to external reforming fuel cell 

systems and can generate power at 50% to 60% efficiency in a single cycle 

[Appleby, 1987]. This far surpasses other energy generation technologies such 

as gas turbines, internal combustion engines, and steam turbines. 
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Molten carbonate fuel cells have the unique ability of being able to 

consume coal-based fuels. Another interesting feature is that they need the 

carbon dioxide that is in the air in order to work. Because it operates at about 650 

°C, like the SOFC, it can use gases such as methane and coal gas (H2 + CO). 

O2 and CO2 in the air react to form carbonate ions (COa"̂ ) at the cathode, which 

pass through the molten carbonate electrolyte. These react with hydrogen and/or 

carbon monoxide at the anode to produce water, CO2 and release two electrons. 

The main problem with the operation and manufacture of the MCFC relates to 

the design of electrodes, which use a nickel catalyst. They have to withstand 

working for long periods in the electrolyte (a mixture of lithium and potassium 

carbonate) which is hot and corrosive. 

3.3.4 Solid Oxide Fuel Cells 

The solid oxide fuel cell approach is the least mature of the four types of 

fuel cells. It uses a coated zirconia ceramic as the electrolyte. The 

electrochemical conversion process occurs at very high temperatures, supporting 

internal reforming. The cells themselves may be either flat plates or tubular. 

There are basic manufacturing challenges with all ceramic construction, as yet 

unsolved, in mass producing the cells. Solid oxide fuel cells promise to operate at 

moderately high efficiencies with a high-grade waste heat product. 

The very high temperatures in the Solid Oxide Fuel Cell mean that the 

methane can be reformed internally, without a separate unit. The O' ions become 

mobile at about 1000 °C. The high operating temperatures also make way for a 
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high efficiency. It is a highly promising fuel cell that could be used in large, high 

power applications Including industrial and large-scale central electricity 

generating stations. Some developers also see solid oxide use in motor vehicles. 

The materials used to make the cells are very difficult to produce, and 

their manufacture at reasonable cost is a problem yet to be resolved. The 

electrolyte and electrode materials are still far from optimized, and research 

continues to find materials that will conduct O" ions at not such high 

temperatures. It Is the least well developed of the fuel cell types, but it shows 

great promise because It is potentially the most efficient, and the waste heat 

produced is very useful, being at such a high temperature. 

3.4 The Benefits of Fuel Cells 

Like an Internal Combustion Engine (ICE), fuel cells conveniently use fuel 

from a tank that can be quickly refueled, and they operate continuously as long 

as fuel is supplied. Unlike ICEs, however, fuel cells do not burn fuel and therefore 

do not produce the air pollutants resulting from combustion. They are clean, 

quiet, and efficient, and operate continuously as long as fuel is supplied. Fuel 

cells have no moving parts; therefore, they have excellent reliability and long 

operating lives. Fuel cell systems can also use multiple fuels such as natural gas, 

methanol, gasoline and hydrogen. 

The projected fuel cost for a hydrogen-fueled automobile is estimated at 

3.8 cents per mile versus 4.5 cents per mile for one powered by gasoline. This 

calculation is based on an average gasoline price of $1.20 per gallon and a price 
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of $1.37 per pound of hydrogen. The comparison, which includes federal and 

state tax the gasoline but excludes it from the hydrogen, takes into account the 

average propulsion efficiency of internal combustion engine-powered vehicles, 

which Is about 15%, versus a 50% efficiency for a vehicle powered by a fuel cell 

[Esso Research and Engineering Co., 1969]. 

Although this comparison indicates approximately equal fuel costs per 

mile, the cost of gasoline to the consumer does not take into account other 

factors, such as the health and environmental costs associated with burning 

gasoline. These costs result from the emission of billions of pounds of carbon 

dioxide (the major greenhouse gas), carbon monoxide, nitrogen oxides, sulfur 

dioxide, hydrocarbons and particulate matter. All of these emissions have health 

and environmental effects and add to the socioeconomic costs of using gasoline 

to power vehicles. Hydrogen produces none of these emissions when used in a 

fuel cell-powered vehicle. In fact, the only emission from such a vehicle is water, 

making it a true zero emission vehicle. Other factors to take into account, are the 

nation's growing dependence on foreign oil, the worsening trade deficit and fuel 

supply security issues. 

3.5 Hydrogen Consideration 

3.5.1 Hydrogen Properties 

The lightest and most abundant element in the universe, pure hydrogen is 

a gas without taste, color, or odor. It is believed to have formed, with helium, all 

of the heavier elements and is estimated to compose three quarters of the mass 
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of the universe. On Earth, hydrogen occurs chiefly in combination with oxygen in 

water (its name comes from the Greek for "water-forming"). It is also present in 

organic matter such as living plants, petroleum, and coal, and spahngly as a free 

element in the atmosphere. It combines with other elements, sometimes 

explosively, to form hundreds of thousands of compounds. It reacts with other 

hydrogen atoms to form hydrogen molecules such as H2. Since most of it is 

bound up in chemical compounds, it must be extracted from these compounds 

rather than simply collected before use. 

Hydrogen is the lightest element because it is composed of only two 

particles, the smallest number that can form a neutral atom. Its nucleus consists 

of a single proton bearing a positive electrical charge. Associated with this 

nucleus is an electron bearing a negative electrical charge. The atomic number 

of hydrogen is 1. The element is usually classed in group 1 of the pehodic table. 

Table 3.2 presents some physical and chemical properties of hydrogen. 

Table 3.2: Physical and Chemical ProDerties of Hydrogen 
Electron Structure 
Specific Heat 

Gas Density 
Gas Specific Gravity 

Boiling Point 

Melting Point 

SI 
(Cp) 3 .44 Cal /Gram deg K 

(Cv) 2 .46 Cal /Gram deg K 

(Cp/C^) 1.40 

(1 Atm) 0 .0899 G r a m / L i t e r 

( A i r - 1.0) 0 .0695 G r a m / L i t e r 

- 2 5 2 . 7 ''C 

- 2 5 9 . 2 "C 
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3.5.2 Hydrogen Storage 

Any energy source that is intermittent in nature (such as the Sun) requires 

storage of that energy for later usage. Fuel cells operate best on pure hydrogen. 

Because hydrogen is normally a gas, a relatively large volume is required to 

contain enough energy to provide the same driving range as today's automobiles. 

It is so lightweight that a cubic foot of gas weighs just 0.005 lbs. The current 

methods of storage being developed are: 

• Compressed Gas: H2 can be compressed in high pressure tanks where 

each additional cubic foot compressed into the same space requires 

another atmosphere of pressure of 14.7 PSI. High pressure tanks 

reach 6,000 PSI which must be periodically tested and inspected to 

ensure their safety. 

• Liquid Hydrogen: When Hydrogen is liquefied. It is 845 times the 

density of the gas but the normal liquid H2 temperature of 20 K (-253 

°C), Is very cold and requires almost thirty percent of its energy to cool 

and compress enough to liquefy. The hydrogen must be stored in a 

super insulated tank and even then one to two percent of the Hydrogen 

must be bled off and evaporated every day to keep the rest cold. 

• Metal Hydride: A newer method of storing Hydrogen is to trap it in a 

metal hydride, which is an inter-metallic compound that soaks up 

hydrogen like a sponge. Hydrides require moderate pressure but are 

currently expensive, need to operate at high temperature to store a 

significant amount of hydrogen, and are typically very heavy. One 
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other drawback is they must have only very pure hydrogen supplied or 

they will get contaminated and stop operating properly. From a safety 

standpoint, hydrides are intrinsically safe, as the hydrogen must be 

released from the hydride before it can oxidize or burn rapidly. 

Cryogenic Activated Carbon: This technique is being improved rapidly 

but works best at 77 K (-196 °C). The best theoretical projection is that 

fifty-four percent by weight is the upper limit for carbon storage. 

Glass Micro Spheres: These tiny hollow balls require very high 

pressure to force the Hydrogen inside the spheres. Once stored 

though, the pressure in the carrying tank can be low, adding to safety. 

They are inert, resistant to contamination and only require moderate 

heat to release the Hydrogen. Experiments are being done with 

crushing the spheres to release Hydrogen at a faster rate. 

Raw Iron Pellets: While not a true storage method. Hydrogen can be 

created when needed by using raw iron to separate the Hydrogen from 

Oxygen in the high tech process known as rust. The iron process is 

low-cost and up to four and one-half percent by weight effective. The 

only requirement is to recycle the iron and remove the Oxygen so that 

the Iron can be reused. One drawback is the high weight requirement 

of the iron. 

Liquid Carrier Storage: Hydrogen can be stored in Methanol, liquid 

Methane, Ammonia, Toluene or other liquid forms from which it must 

be separated before it can be utilized. 
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Currently, two methods of storing hydrogen on board a vehicle are 

receiving the most attention: namely, compressed gas in storage tanks at high 

pressure or liquid hydrogen in insulated storage tanks at low temperature and 

pressure. Other methods based on metal hydrides, solid adsorbents, and glass 

micro spheres have potential advantages but are not as well developed. 

Hydrogen storage systems can be engineered to be as safe as the fuel systems 

In current automobiles. 

3.5.3 Hydrogen Reforming 

Since Hydrogen is more readily available as a part of different compounds 

such as methane and ethanol and mixtures such as natural gas and gasoline, 

fuel cells have the ability to work off these fuels as well. Whether they are internal 

or external to the fuel cell system, fuel processors reform these types of fuels 

before they are introduced into the fuel cell stacks. Catalysts are used to facilitate 

the chemical reactions. 

The two primary types of reformers being developed for transportation are 

steam reformers and partial oxidation reformers. Steam reformers have higher 

efficiency and consume energy on the other hand partial oxidation reformers are 

simpler and generate energy but difficult to control. Because current fuel cells 

require pure hydrogen to run effectively, impurities (primarily carbon monoxide) in 

the reformer product gas stream must be removed. This can be achieved with 

water-gas shift reactors, preferential oxidation reactors, or hydrogen separation 

membranes. 
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CHAPTER 4 

THEORY 

This chapter will describes the theoretical calculations of the hydrogen 

circulation system in a PEM fuel cell. Rather than concentrate on the Fuel Cell 

and the reactions that take place inside it, it is more appropriate to concentrate 

on the components that supply the hydrogen to the fuel cell. The fuel cell and 

these components are what the hydrogen circulation system consists of 

It is appropriate to point out that the PEM fuel cell requires its reactants to 

have certain thermodynamic properties for it to function properly. The two 

primary goals of the hydrogen circulation system in a PEM fuel cell are: 

1. Supply the hydrogen at the right temperature, humidity, pressure and 

mass flow rate. 

2. Circulate the hydrogen through the system such that the hydrogen not 

consumed by the fuel cell is fed back to the fuel cell. 

4.1 Schematic of the Hydrogen Circulation Svstem 

Figure 4.1 illustrates the schematic of the Texas Tech Futurecar '99 fuel 

cell system. This schematic includes a hydrogen circulation system as well as the 

airflow and the cooling water circulation system. Although it will not be included in 

this research, the schematic also includes the set up of the battery box and motor 

controllers to power the wheels of the vehicle. 
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The first step in any analysis is to produce a theoretically accurate 

schematic of the system followed by analytical proof that the design is valid. This 

research uses the fuel cell system schematic in Figure 4.1 to produce a simpler 

schematic of only the hydrogen circulation system. Each component of the 

system was identified and analyzed via an energy balance, mass balance and 

any other pertinent equations. Chapter 5 will look into the generated data to 

Inspect the system In a more detailed fashion and to discuss the results of the 

research. 

It is necessary to point out that the cooling water circulation and hydrogen 

circulation systems in Figure 4.1 are intertwined. This is so for two reasons. First, 

the humidification of hydrogen requires that an ample amount of water be 

present in the hydrogen circulation system. Second, this system was designed 

for powering a 1999 Chevrolet Lumina, thus the space constraints of placing this 

system Into the car required creative solutions such as using the water from the 

cooling water circulation system as the humidifying source for the hydrogen. 

Another detail to point out is the hydrogen pump. It can be seen that the 

hydrogen pump has two inlets and two exits and no DC motor. This again was 

done for two reasons. The first being that the power consumption by the system 

needs to be as low as possible so that the vehicle can operate for long duration 

of time before the batteries need to be charged. This is why there is no DC motor 

to operate the pump as it is operated by a spring mechanism, which uses the 

pressure in the hydrogen tank (3600 psi) to move a piston back and forth. The 

second reason is because of the space limitations. The hydrogen pump in this 
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schematic has two functions that would normally require two pumps. The primary 

function is to pump the hydrogen reactant not consumed by the fuel cell back into 

the humidifier. This is the key component to circulate the unused hydrogen back 

into the system. At the humidifier, the humid hydrogen that exited the fuel cell is 

mixed with the dryer hydrogen coming from the hydrogen tank and a stream of 

water vapor to supply the fuel cell with hydrogen at the right humidity, 

temperature, pressure and mass flow rate. 

Figure 4.2 below shows a simplified version of the hydrogen circulation 

system for a PEM fuel cell. It should be noted that the cooling water and air 

circulation systems are absent from the schematic since this research is only 

concerned with the hydrogen circulation in a PEM fuel cell. It is the components 

in this schematic in Figure 4.2 that this chapter will analytically analyze. 

Mass How 
Controller 

Humidifier 
Water Supply 

H, Circulation Pump 

Figure 4.2: Schematic of Hydrogen Circulation System 
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The fuel tank contains hydrogen and is the only supply of fuel to the fuel 

cell. These tanks are available at 3600 PSI. This pressure is too high for the fuel 

cell, and thus, a pressure regulator is used to reduce the pressure to a 

manageable level. The pressure regulator needs to be such that it not only 

controls the dry hydrogen pressure but also the mass flow rate. These types of 

controllers are called Pressure Regulator Mass Flow Controllers. This controller 

will not only control the pressure of the hydrogen but also supply it at the correct 

mass flow rate. 

As the dry hydrogen enters the humidifier it is mixed with water vapor to 

increase its humidity. The fuel cell requires that the reactants be at 100% 

humidity for optimum performance. The water vapor needed to humidify the dry 

hydrogen is supplied by the humidifier water supply. This is a separate system in 

itself and will not be considered for this research's calculations. The dry hydrogen 

absorbs some of this water vapor and the rest exits the system to be circulated 

back through the inlet. Hydrogen leaves the humidifier at the right temperature, 

pressure, humidity and mass flow rate for the fuel cell to operate at its optimum 

conditions. 

The humid hydrogen is reacted with the oxygen in air (through a catalyst) 

to produce water, heat and electricity. However not all of the hydrogen is 

consumed by the fuel cell. The amount left over from the reaction is fed back to 

the humidifier with the help of a pump. This is done for four reasons. First, in a 

standard vehicle it is not customary to reject the unused hydrogen to the 

atmosphere, as this might prove hazardous. Second, the vehicle will have a 
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higher fuel economy If it was to take advantage of 100% of the fuel rather then 

only the percentage that gets used by the fuel cell. Third, the fuel cell exit 

hydrogen being of 100% relative humidity will aid in raising the humidity of the 

dry hydrogen inside the humidifier chamber to an acceptable level. And fourth, 

the hydrogen raises in temperature as it exits the fuel cell thus the higher 

temperature will aid in heating the fuel cell inlet hydrogen to the required 

temperature. 

4.2 H? Tank and Pressure Regulator 

The hydrogen in the H2 tank is initially at 0% relative humidity, ambient 

temperature and a pressure of 3600 psi. The pressure In the tank decreases with 

time as the hydrogen supply is leached by the system. This has an immediate 

effect on the system. As the pressure difference across the regulator decreases 

due to the hydrogen leaching in the tank, the temperature drop also decreases. 

This is a benefit to the system as it means that the hydrogen stream needs less 

heat to be brought to the required temperature before it enters the fuel cell. 

Figure 4.3 on the next page takes a closer look at the H2 tank and pressure 

regulator followed by an analytical analysis of the set up. 

The assumptions for the H2 tank and pressure regulator system are as 

follows. 

• No heat loss to the surroundings. 

• No losses in pressure in the line from the H2 tank to the pressure 

regulator. 
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Figure 4.3: H2 Tank and Pressure Regulator 

• Constant specific volume across regulator. 

• Constant temperature from the H2 tank to the pressure regulator. 

The tank pressure and temperature define the pressure and temperature 

at station 1. As stated before the temperature in the tank is ambient. The 

pressure at station 1 is a function of operating time. The pressure at station 2 is a 

function of the pressure at station 1, pressure at station 2 and temperature at 

station 1. Using the model for a reversible adiabatic expansion process, the 

temperature at station 2 can be calculated. The reversible adiabatic process with 

constant specific heat for initial and finals states for an ideal gas is given by 

equation 4.1. 

i>v' = p,vf = py. (4.1) 
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Where P is the pressure of the ideal gas, v is the specific volume and k is the 

specific heat ratio and is given by equation 4.2. 

k = '-^ (4.2) 

From equation 4.1 and the ideal-gas equation of state, an expression relating the 

temperature at station 2 to the temperature at station 1, pressure at station 1 and 

pressure at station 2 can be derived. 

T =T 
r D \ 

v^.y 

k-] 

(4.3) 

4.3 Mass Flow Controller 

It is customary to buy mechanisms that are pressure regulators and mass 

flow controllers in one. However, for analytic purposes they are separated here. 

There is no analysis required for the mass flow controller other then a few 

assumptions. The primary purpose of the mass flow controller is to deliver the dry 

hydrogen at the specified mass flow rate to the fuel cell. The physics are such 

that the fluid experiences a pressure drop across the mass flow controller, 

however the pressure drop will be accounted from the regulator and not included 

here. Figure 4.4 shows the mass flow controller with the designated stations. 

2 3 
Figure 4.4: Mass Flow Controller 



The assumptions for the mass flow controller are listed below. Note that 

station 2 has the same properties as the station 2 that exits the pressure 

regulator. 

No heat loss to the surroundings. 

• No pressure loss across mass flow controller. 

• Constant temperature across mass flow controller. 

• Specific change in mass flow rate from station 2 to station 3. 

4.4 Humidifier 

The humidifier is the most critical component in the system. Its primary 

functions are to bring the dry hydrogen to 100% relative humidity and heat the 

hydrogen to the required temperature (60 °C). The humidifier is also the 

component that the unused hydrogen in the fuel cell is circulated to. Figure 4.5 

shows the humidifier with the designated stations. 

Figure 4.5: Humidifier 
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It can be seen from Figure 4.5 that there are 3 sources of heat to warm 

the hydrogen to the required temperature. These are the humidifying water vapor 

(station 4), recycled humid hydrogen (station 6) and direct heat. Where as the 

temperature of the humidifying water vapor and the recycled humid hydrogen will 

stay constant; the direct heat to the humidifier must be decreased as the 

pressure in the H2 tank decreases because the temperature at station 3 

increases as the pressure in the H2 tank decreases. Finally, it should be noted 

that the hydrogen should arrive at station 7 with the specified mass flow rate, 

relative humidity and thermodynamic properties. The assumptions for the 

humidifier are below. It should be noted that the hydrogen circulation system is 

assumed to operate at steady state, steady flow. 

Steady state, steady flow. 

All exits and inlets to humidifier are at same pressure. 

No changes in velocity of the fluids coming in our out of the humidifier. 

Only the fluid at the exits and inlets do work on the system. 

5 °F temperature drop from humidifying water inlet to exit. 

The first step in analyzing the humidifier is to inspect the mass flow rates. 

It can be seen that hydrogen enters the system at stations 3 and 6 and exits at 

station 7. Water vapor enters the system at stations 4 and 6 and exits at 5 and 7. 

dM 

dt 
+ ^wo,^ = 0 (4.4) 

Tns+rrjj-m^-m^-me =0 (4.5) 
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/775H+W7//+/W7{f-W3//-/W4H -/W6//-W6(( = 0 ( 4 . 6 ) 

The #w subscripts in equation 4.6 denote water flow rates while the #H 

subscripts denote hydrogen flow rates. It can be seen from Figure 4.5 that only 

stations 6 and 7 have both a water and hydrogen flow rate. Equation 4.6 can be 

simplified into equations 4.7 and 4.8 if the water flow rates are separated from 

the hydrogen ones, i.e., component balances on hydrogen and water are written. 

• • • • 

msiv+miiv-mAw-msiv =0 (4.7) 

• • • 

miH - rfi3H - men =0 (4.8) 

Finally, equations 4.7 and 4.8 can be rearranged to 4.9 and 4.10. 

• • • • 

m5iv+ miw = mm'+ mew (49) 

• • • 

miH =m3H + m6H (4.10) 

The second step in analyzing the humidifier is to perform an energy 

balance over a control volume that encapsulates it. Equation 4.11 below is an 

energy balance of the system. Notice that as a result of the assumptions made, 

the energy and velocity terms are cancelled. 

(4.11) 

U is the potential energy, K is the kinetic energy, u is the internal energy, V is the 

fluid velocity, Q is the heat to and from the system and wk is the work to and 

from the system. Equation 4.11 can be expanded as follows: 



m^u^ + myUy -rriiU^ -m^u^ -m(,u^ =Q^m,(P\\ +mA(P\\ + nn(P\l - nu(P\), - mi{P\'), (4 .12) 

P is the pressure, v is the specific volume and the term (Pv)# denotes the fluid 

work to and from the system. Equation 4.12 can be rearranged and simplified. 

/ W 5 ( M , + ( / ' v ) , ) + ; n 7 ( « , + ( P v ) , ) - m 3 ( M 3 + ( 7 ' v ) 3 ) - ; j 2 4 ( w 4 + ( P v ) , ) - m 6 ( « , + ( P v ) , ) - ^ ( 4 . 1 3 ) 

• • • • • « 

ms h^ + mi hj - m3 h^ - m4 h^ - me \ = Q (4.14) 

• • • • • • • • 

Q = msw /75„. + miH h^H + '"^w h^^^• - m^H h^^ -mw h^^y - men h^„ - mew h^n (4.15) 

Where h is the specific enthalpy, m. h^ is given by 

• • • 

m# K = mm K^y + w#// K^ (4.16) 

and m^ is given by 

• • • 

mu = muw + mttH • (4-17) 

The amount of water vapor in the hydrogen can be specified in several 

ways. The most logical way is to specify directly the mass of water vapor present 

in a unit mass of dry hydrogen. This is called specific humidity (also called 

humidity ratio) and is denoted by co in equation 4.18. 

0 7 = " ^ (4.18) 
m^ 

The ideal gas equation, PV/RT can be substituted for the masses. Notice that 

since the water vapor and hydrogen occupy the same space and are at the same 

temperature, the temperature and volume terms cancel out. 
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fpv^ 
m 

m = w RT Jw 

m H (PV\ 

V RT 

(4.19) 

JH 

Where R Is the ideal gas constant for a particular gas and is defined by: 

R = R_ 

M 
(4.20) 

The R in equation 4.20 is the universal gas constant as is the same for all 

gasses and M is the molecular weight of the particular gas. Knowing that the 

molecular weight of hydrogen is 2.018 and that of water is 18.02, equation 4.19 

can be simplified even further. 

VJ 
_M, p^ _\^mp^ _^^^p,^ 

M„P„ 2.0\SP„ H 

(4.21) 

The partial pressures Pw and PH are defined by: 

p = p + p (4.22) 

thus, equation 4.21 can be simplified to: 

C7 = 8.93 '̂̂  
P-P 

(4.23) 

The ratio of the amount of moisture that the hydrogen holds (mw) relative 

to the maximum amount of moisture that the hydrogen can hold at the same 

temperature (mg) is called relative humidity as is given by equation 4.24. 

^ ^ ^ 

"^s 

PV\ 

RT Jw 
f PV 

yRTj 

(4.24) 
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Where Pg is denoted by the saturation pressure at the designated temperature. 

Note that along with the volume and temperature terms, the gas constant terms 

also cancel since both substances are water. Equation 4.23 can be substituted 

into equation 4.24 to yield: 

^ - 7 - , . (4.25) 
(8.93 + c7)i>,,,^, 

4.5 Fuel Cell 

As stated before, the reactions inside the fuel cell will not be considered. 

However, the research is interested in the thermodynamic properties and the 

mass flow rate at the fuel cell hydrogen inlet and exit. It should be noted that the 

fuel cell consumes 66% of the hydrogen supplied. Thus, 33% is recycled back to 

the humidifier (at 33% of the initial mass flow rate) via a pump. It should also be 

noted that the hydrogen exiting the fuel cell is at 100% relative humidity and at 70 

°C. The reactions that take place inside the fuel cell warms the hydrogen from its 

initial temperature of 60 °C. Finally, the research will take into account a 2 PSI 

drop in pressure from the fuel cell inlet to the fuel cell exit for the hydrogen. Table 

4.1 on the below summarizes the fuel cell inlet and exit properties. 

Table 4.1: Fuel Cell Properties 
Inlet Exit 

Temperature (°C) 60 70 
Pressure (PSI) 34 32 
Relative Humidity (%) 90-100 100 
Mass Flow Rate 13.4 4.422 
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the fluid into the humidifier. Figure 4.6 below shows the pump with all of the 

designated stafions, note the work done on the pump to operate it. 

wk 

Figure 4.6: Circulating Pump 
The pressure at station 6 is designated to be the same pressure as that of 

inside the humidifier. The assumptions for the pump are followed by the analysis. 

Steady state, steady flow. 

No heat loss to the surroundings. 

No changes In fluid velocity in our out of the pump. 

No change in mass flow across the pump. 

No change in temperature across the pump. 

No change in enthalpy across the pump. 

Constant pump efficiency. 

Constant pump RPM. 

No losses in pressure between the fuel cell and pump and the 

humidifier and pump. 
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The first step in analyzing the pump is to perform an energy balance over 

a control volume that encapsulates it. Equation 4.26 below is an energy balance 

of the system. Notice that because of the assumptions the energy, velocity and 

heat terms are cancelled. 

d{UA K) ^ ' f 1 Z 1 V • 
dt ^ 

u + -^'\ = r/^^+wk,r, (4.26) 
J / 

Equation 4.26 can be expanded and simplified in the same fashion as the 

humidifier to better understand the properties of the humid hydrogen before and 

after the pump. 

• • • • • 

me u^ -m»u^= ms{Pv\ - me{Pv)f^ + wk (4.27) 

me{u,-^{Pv\)-ms{u,-h{Pv\) = M'k (4.28) 

• • • 

meh^-msh^ = wk (4.29) 
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter will present the findings of the research and comment on the 

outcomes. A combination of Mathematica™ and Microsoft Excel™ was used to 

generate and present the data. The research focused mainly on two aspects of 

the hydrogen circulation system. 

1. The effect of the decreasing pressure in the hydrogen tank to the rest 

of the system. 

2. Heat rate required to the humidifier to supply the hydrogen to the fuel 

cell at an acceptable temperature. 

Figure 5.1 shows the hydrogen circulation system with the all of the designated 

stations. This figure will be referred to when identifying the thermodynamic 

properties as well as flow rates at each station. 

H2 circulation Pump i!»mr:«»i. 

Figure 5.1: Hydrogen Circulation System With Stations 
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The parameters of the system were broken into two categories: those that 

were varied and those that were not. The parameters that were not varied 

included hydrogen flow rate, regulator pressure, fijel cell inlet and exit 

temperature, fuel cell exit relative humidity and a few more. These values were 

left constant, as any change would have resulted in the fuel cell not operating in 

the manner that it was designed to. Table 5.1 below lists all of these parameters. 

Table 5.1: Listo 
Station 

0 (environment) 
1 
2 
3 
4 
5 
6 
7 
8 

f Parameters 
Temperatijre (°F) 

70 
70 
— 
— 
— 
— 
158 
140 
158 

Pressure (PSI) 
14.4 
— 
34 
34 
34 
34 
34 
34 
32 

Relative Humiditv (%) Hvdrogen Mass Flow (Ib/s) 
N/A N/A 
0 0.000690955 
0 0.000690955 
0 0.000690955 

N/A N/A 
N/A N/A 
100 0.000340321 
— 0.001031275 
100 0.000340321 

Water Mass Flow (Ib/s) 
N/A 
0 
0 
0 
— 
— 

0.000466367 
— 

0000466367 
"N/A" denotes not applicable to station 
"—" denotes a vaned parameter 

The first step in the analysis was to decide the fluid properties to be kept 

constant. The parameters related to the fuel cell are for the 20 kW Energy 

Partners Fuel Cell (the same fuel cell used for the Texas Tech University 

Futurecar 1999 competition). These values can be found in Table 5.1. The 

second step involved guessing approximate values for the variable parameters 

and flnally the third step, solving for the properties of the system. Table 5.2 on 

the next page shows the values generated for an initial analysis with default 

values for the variable parameters. 
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Equation 4.3 was used to calculate the temperature at station 1-2. Notice 

that it is substantially lower then the inside tank temperature. This is due to the 

large pressure difference between the tank when it is completely full and what it 

Is regulated to. A flow rate of 13.7 scfm hydrogen fuel cell input was specified for 

the 20 kW Energy Partners fuel cell, 33% of which exits the fuel cell at 100% 

relative humidity. From this, the water and hydrogen flow rates at the fuel cell exit 

(the same flow rates that are circulated back to the humidifier) can be calculated. 

Knowing the hydrogen mass flow rate going Into and exiting the fuel cell, the 

mass flow rate of hydrogen from the H2 tank can be easily calculated by 

subtracting the fuel cell inlet hydrogen flow from the fuel cell exit hydrogen flow. 

Energy Partners also specified fuel cell Inlet and exit temperatures of 140 °F and 

158 °F, respectively. Humidifying water vapor Inlet and exit temperatures 

(stations 4 and 5) were initially set to be at 265 °F and 260 °F, respectively. 

Energy Partners stated that a relative humidity of 100% for the hydrogen at the 

fuel cell inlet was optimal. This was the initial value used; however, this was one 

of the varied parameters. Knowing the relative humidity and hydrogen mass flow 

rate at this station, the water mass flow rate can be easily calculated using 

equation 4.24. The mass flow rate of the humidifying water vapor was set to 0.05 

Ibm/s (this value was varied) and the exit water vapor flow rate was calculated 

using equation 4.9. Finally, with all the parameters calculated, the heat rate to the 

system was calculated using equation 4.15. 

The pressure in the H2 tank is a major concern. Equation 4.3 was used 

with a varying H2 tank pressure from 3600 PSI to 50 PSI to determine regulator 
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exit temperature as a function of tank pressure. Figure 5.2 shows this change in 

temperature with a varying H2 tank pressure. Note the temperature scale is in 

degrees Rankine. 

4000 

500 

Temperature {°R) 

Figure 5.2: H2 Tank Pressure versus Regulator Exit Temperature 

Although the pressure decrease in the tank affects the temperature after 

the regulator, it is of interest to find out the rate at which it affects it. The mass of 

hydrogen in the hydrogen tank was found using the ideal gas equation 

m = 
PV 

~RT 
(5.1) 

As the pressure in the tank decreases, the mass in the tank decreases. The 

temperature in equation 5.1 is the temperature inside the tank. Although the tank 

volume Is not specified, values between 1.5 ft̂  and 3.5 ft̂  were used to 

determine the mass of the hydrogen in the tank at different intervals of pressure. 
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These values were divided by the mass flow rate from the tank to the system to 

find the time it takes for the tank to reach any specified pressure. These values 

are plotted in Figure 5.3. 

4000 T 

120 

Time (Minutes) 

Figure 5.3: H2 Tank Pressure versus Time for Given Tank Volume 

It can be seen from the figure that as the H2 tank volume increases, the 

time it takes to empty the tank Increases. It can also be seen that it takes well 

over 100 minutes to empty a 3.5 ft̂  fuel tank but only about 45 minutes for a 1.5 

ft̂  fuel tank. It is evident from the chart that the H2 tank volume is lineariy 

proportional to the amount of time it takes to empty. This is critical as a fuel tank 

can be easily chosen for a vehicle with a desired operation fime. As an example. 

If 90 minutes of operation time without a fill-up were desired, then a 3 ft̂  tank 

would be viable. 
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The rate of change for the regulator exit temperature can also be 

calculated as a function of the tank volume. By solving the y values in Figure 5.3 

for the regulator exit temperature rather than the H2 tank pressure, one can 

successfully plot regulator exit temperature versus fime. Figure 5.4 displays a 

chart of regulator exit temperature versus fime for a given set of H2 tank volumes. 

500 

- At 1.5 cxibic feet tank volume 

- At 2 cxibic feet tank volume 

At 2.5 cxibic feet tank vcjlume 

- At 3 cubic feet tank volume 

• At 3.5 cubic feet tank volume 

20 40 60 

Time (min) 

80 100 120 

Figure 5.4: Regulator Exit Temperature versus Time for Given Tank Volume 

It can be seen from the figure that regulator exit hydrogen gets warmer as 

time increases. This is elementary since this temperature is a funcfion of a 

constant divided by the H2 tank pressure to a power. It should also be noted that 

the temperature increases faster as the H2 tank volume decreases. Since a fast 

change in temperature is not desired, this is perhaps another reason to use a 

larger tank. 
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The second area of focus, the heat rate to the humidifier, can be directly 

compared with the H2 tank pressure. By systematically changing the pressure in 

the tank, equafion 4.15 can be used to calculate the heat rate to the humidifier. 

Figure 5.5 shows a plot of the heat rate to the humidifier versus H2 tank pressure. 

4000 

0.000 0.200 0.400 0.600 0.800 1.000 1.200 

Heat l^te (Btu/s) 

Figure 5.5: H2 Tank Pressure versus Heat Rate to Humidifier 

The chart reveals that as the pressure in the H2 tank decreases, less heat 

must be supplied to the humidifier. The heat supply to the humidifier is a major 

cost item, hence it becomes more and more feasible as the amount of heat 

supplied becomes less and less. 

Using the fime calculafions from the previous figures, it is possible to 

calculate the heat rate to the humidifier as a funcfion of fime for given H2 tank 

volumes. Figure 5.6 shows the heat rate to the humidifier versus fime for given 

set of H2 tank volumes. 
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120 

Time (min) 

Figure 5.6: Heat Rate to Humidifier versus Time for Given Tank Volume 

Figure 5.6 shows that as fime passes, less heat has to be applied to the 

humidifier. This can be explained by the fact that as fime passes the pressure in 

the H2 tank decreases, thus increasing the regulator exit temperature. The 

increase in the regulator exit temperature, in turn, requires less heat to raise to 

the required temperature. Figure 5.6 also shows that as the H2 tank volume 

increases, the heat rate delivered to the humidifier has a slower change. This 

might not be considered as an advantage in the fime frame that we are working 

with (40-100 minutes) however if the H2 tank capacity was for several minutes 

rather then well over an hour, the rapid change in heat rate would be 

undesirable. 

Another parameter that can be varied is the mass flow rate of the 

humidifying water vapor into the humidifier. The humidifier is such that a steady 
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flow of water vapor enters stricfiy for the purpose of humidifying the dry hydrogen 

to 100% relative humidity. The dry hydrogen does not absorb all of this water 

vapor; the part that Is not absorbed is simply ejected from the humidifier to be 

circulated back to the humidifying water vapor inlet via a pump. The humidifying 

water vapor temperature can be kept constant while the flow rate can be varied 

to see what effect there is on the heat rate to the humidifier at different H2 tank 

pressures. Figure 5.7 shows the heat rate to the humidifier versus humidifying 

water vapor in to the humidifier at different H2 tank pressures. 

0.50 

3600 PSI 
2800 PSI 
2000 PSI 
200 PSI 

PSI 

IVIass Flow Rate (Ibm/s) 

Figure 5.7: Heat Rate to Humidifier versus Humidifying Water Vapor IN 
at 265 °F Constant Temperature 

There are three things that of interest in Figure 5.7. First, it can be seen 

that increasing the mass flow rate decreases the amount of heat rate required to 

the humidifier. This is evident by the fact that as the mass flow rate of the 

humidifying water vapor is increased, the amount of energy to the system is 
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increased. Thus, less heat rate Is required to bring the fijel cell inlet hydrogen to 

the required temperature. Second, as the pressure in the H2 tank decreases, the 

heat rate required for any given humidifying water vapor mass flow decreases. 

This, again, is due to the fact that the regulator exit temperature increases as the 

H2 tank pressure decreases requiring less heat rate to the system. Finally, 

another interesfing point in Figure 5.7 is that although the H2 tank pressure 

increments are linear (800 PSI) the space between each heat rate versus 

humidifying water vapor curve is not. The reversible adiabafic expansion process 

can explain this phenomenon. The regulator exit temperature is a non-linear 

funcfion of the H2 tank pressure. 

The humidifying water vapor can be further analyzed by calculafing the 

required heat rate to the humidifier as a funcfion of humidifying water vapor 

temperature at different H2 tank pressures. If the humidifying water vapor mass 

flow rate was to be kept constant, the temperature could be incrementally 

increased to calculate the heat rate to the humidifier at different H2 tank 

pressures. This calculafion is shown in Figure 5.8 on the next page. 

Figure 5.8 shows the heat rate to the humidifier versus humidifying water 

vapor temperature at given H2 tank pressures at a constant 0.05 Ibm/s 

humidifying water vapor mass flow rate. It can be seen from the figure that a 

temperature range of 265 °F to 345 °F has a minimal effect on the heat rate 

required to the humidifier. The non-linear in the adiabafic expansion process is 

evident once again, as the space between the curves is not linear. 
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0.1 
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Temperature (°F) 

Figure 5.8: Heat Rate to Humidifier versus Humidifying Water Vapor IN 
Temperature at Constant Mass Flow of 0.05 Ibm/s 

The same analysis can be done on the humidifying water vapor system, 

but this fime the H2 tank pressure can be kept constant as the humidifying water 

vapor mass flow rate Is varied. Figure 5.9 in the next page shows this 

relafionshlp. 

Figure 5.9 shows the heat rate to the humidifier versus humidifying water 

vapor temperature at given humidifying water vapor mass flow rates at a 

constant 1800 PSI H2 tank pressure. There are two interesfing points that need 

to be pointed out in Figure 5.9. First, just like Figure 5.8, It can be seen that a 

temperature range of 265 °F to 345 °F has a minimal effect on the heat rate 

required to the humidifier. Second, the humidifying water vapor mass flow rates 

seem to have a linear relafionship in the heat rate versus temperature curve. This 

Is so because the H2 tank pressure was kept constant at 1800 PSI thus the non-
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linear function in the adiabafic expansion process did not play a role in the 

equafions. 

1.0 

0.9 

0.8 

0.7 

I 0.6 
m 
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IS 

I 0.4 

0 . 3 -

0 . 2 -

0.1 • 

0.0 

Humicflfiying Water IN at .18 Ibm/s 
Humldifiying Water IN at .14 Ibm/s 
Hunf̂ cSfiying Water IN at .10 Ibm/s 
Humidifiying Water IN at .60 Ibm/s 
Humiciifiying Water IN at .20 Ibm/s 

255 265 275 285 295 305 315 325 335 345 

Temperature ("F) 

Figure 5.9: Heat Rate to Humidifier versus Humidifying Water Vapor IN 
Temperature at Constant H2 Tank Pressure of 1800 PSI 

A final analysis can be done on the hydrogen circulafion system to 

analyze the fuel cell inlet relafive humidity. A relafive humidity of 100% is desired 

for opfimum performance from the fuel cell; however, this might not always be 

the case. The heat rate to the humidifier can be compared to the H2 tank 

pressure at different fuel cell inlet relative humidifies. Figure 5.10 on the next 

page plots the heat rate to the humidifier versus H2 tank pressure at given fuel 

cell inlet relative humidifies. 
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Figure 5.10: Heat Rate to Humidifier versus H2 Tank Pressure 
at Given Fuel Cell Inlet Relafive Humidity 

It can be seen from Figure 5.10 that as the relative humidity of the fuel cell 

Inlet gas increases, the required heat rate to the humidifier decreases slighfiy. 

This can be explained by the fact that if the fuel cell inlet hydrogen decreases in 

relafive humidity, it consumes less water vapor. This in turn has a direct impact 

on the humidifying water vapor supply, as less humidifying water vapor is 

consumed. Finally, this results in more energy being rejected by the humidifier 

requiring the heat rate to Increase. 
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CHAPTER 6 

CONCLUSIONS 

This research concentrated on the modeling of the hydrogen circulafion 

system in a PEM fuel cell. A basic schemafic of a hydrogen circulafion system 

was analyzed for performance criteria. The system consisted of a H2 tank, 

pressure regulator, mass flow controller, humidifier, pump and a PEM fuel cell. 

Mass and energy balances were done on each component as the first step of the 

analysis. Data for the 20 kW fuel cell was used to specify some of the system 

parameters. These data consisted of fuel cell operafing temperatures, pressures, 

humidities and mass flow rates. The final step of the analysis was to calculate 

performance data by varying the input parameters of the system. 

It was found that the system had two crifical points. The first being the low 

temperatures produced in the expansion of the compressed hydrogen gas as it 

exits the H2 tank. This temperature was found to vary from 135 R to 473 R as the 

pressure in the H2 tank decreased ft"om 3600 PSI to 50 PSI. The second crifical 

point was found to be the heat rate to the humidifier. Virtually any variafion of any 

parameter in the system produced an effect on the heat rate to the humidifier. It 

was found that the only fime the heat rate to the humidifier became constant was 

when the pressure in the H2 tank was constant. 

The research also discovered that the volume of the H2 tank has a 

significant impact on the system. A larger volume is not only desirable for longer 

operafion fimes, but it was found that it also slowed the changes in regulator exit 
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temperature and heat rate to the humidifier. A slow change in heat rate and 

regulator exit temperature is advantageous to the system as it allows the system 

to operate closer to steady state. It is also advantageous in that the slow 

changes in system dynamics make room for less responsive mechanical 

components that are easier to find and cost less. 

In conclusion, the research indicates that by varying several parameters 

an opfimum operafing condifion can be reached for the hydrogen circulafion 

system. It is recommended that an H2 tank of at least 3 ft̂  volume be used for the 

hydrogen storage. This will provide 90 minutes of confinuous operafion. It will 

also slow the changes in regulator exit temperature and heat rate to the 

humidifier to acceptable levels. The system will operate for neariy 75 minutes 

without any significant changes to the regulator exit temperature and heat rate to 

the humidifier. It should also be noted that any temperature higher then 265 °F 

for the humidifying water vapor inlet is not recommended. Any increase in this 

temperature does not have a significant effect on the system and would not have 

a viable cost-benefit rafio. 

Finally, it is recommended by the author that the humidifying water vapor 

mass flow rate into the humidifier be 0.25 Ibm/s. This is the lowest value of mass 

flow rate that will provide for the heat rate to the humidifier to be as close to 0 

(Btu/s) as possible, without becoming negative (heat removal from the humidifier) 

for the whole pressure range of the H2 tank. 
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