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ABSTRACT 

The United States Department of Energy and Ford Motor Company sponsored a 

hybrid electric vehicle competition called FutureTruck. This thesis discusses the 

development of a hydrogen fueled internal combustion engine for the 2004 FutureTruck 

competition. This thesis includes a discussion on characteristics of hydrogen and engine 

theory. A description of the hydrogen engine design and modifications are also included. 

Finally this thesis evaluates the hydrogen engine performance including emissions, which 

shows the hydrogen engine achieved ultra low emissions certification levels. 
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CHAPTER I 

INTRODUCTION 

1 • I Overall Background 

The population of the United States is increasing. With the increase in population 

the use of the automobile has certainly increased. The increase in the number of 

automobiles partly accounts for the increase of harmfiil emissions released in the 

atmosphere. With this trend in mind, the use of altemative fiiels, particularly hydrogen, 

has been a proposed solution to help reduce harmfiil emissions. 

The United States produces billions of cubic feet of hydrogen every year. The 

bulk of hydrogen produced is used for producing ammonia and removing sulfiir from 

various petroleum products. The aerospace industry uses hydrogen for spacecraft fuel as 

well as fuel for fiael cells to produce electrical power (14). 

Past reports have discovered that hydrogen is not suitable to fuel an automobile 

due to storage and cost issues (26, 31). The production of hydrogen is not a very efficient 

process either. As the hydrogen infrastructure technology increases then hydrogen will 

be an attractive choice to fuel an internal combustion engine. 

Hydrogen has advantages over conventional fiiels when used in an intemal 

combustion engine. The characteristics of hydrogen improve engine efficiencies as well 

as dramatically reducing emissions. The primary motivation for hydrogen 

experimentation is to meet ultra low emissions standards proposed by government 

agencies. With the enforcement of super-ultra low emissions auto manufactures will be 



forced to reduce vehicle emissions even further (5). Electric vehicles are a solution, but 

with the physical size of the batteries required the vehicles are large and heavy. The idea 

to implement a hybrid system with an altemative fueled engine is a realistic solution to 

reduce emissions without hampering dynamic performance. Hydrogen hybrid electric 

vehicles will aide the progression in hydrogen engine technology. When hydrogen 

engine technology is optimal for vehicle operation a motivation for developing hydrogen 

distribution centers will be a necessity. The development of a hydrogen fueled IC engine 

and distribution systems will provide a stepping stone toward the development of PEM 

fiiel cells and the hydrogen infrastructure. Once the infrastructure and fuel cells are 

developed a down stream zero emission vehicle can be produced, and the dependency on 

foreign oil can be dramatically reduced. 

1.2 Literature Survey 

Most automotive manufacturers have been and are currently exploring the use of 

PEM fuel cells in automobiles, but BMW and Ford Motor Company are also exploring 

hydrogen fiieled IC engines. BMW began their hydrogen research efforts in 1979 and 

continues those efforts. An intensive research effort has been carried out to compare a 

mixture aspirating engine to an air aspirating engine. A mixture aspirating engine is 

another term for port fuel injection, where the air and fuel are mixed outside of the 

combustion chamber. An air aspirating engine, or direct injection, means the fiiel is 

injected directly in the combustion chamber rather than externally. BMW focused on 



power, efficiency, and emissions while conducting experiments with these two different 

mixture methods. 

With intemal combustion engines, the energy introduced into the cylinders is a 

decisive variable for the mean effective pressure, and thus, also for torque and power 

(27). The goal for BMW was to achieve a high power density as can be easily done with 

liquid fuels since they have a high density compared to a gaseous fuel. BMW found with 

extemal mixture formation, at stoichiometric air/fuel ratio operation, the hydrogen 

displaces approximately 30% of the aspirated air (27). Operating a hydrogen flieled 

engine at stoichiometric conditions is extremely difficult and provides another limiting 

performance factor. To help compensate for the lack of mean effective pressure, the 

volumetric efficiency can be increased, but other problems such as pre-ignition and 

backflashing are still unavoidable. Therefore, BMW suggests a direct supply of hydrogen 

to the combustion chamber will allow the engine to have the best power density (27). 

BMW built a single cylinder engine to conduct the experiments. The engine can 

be operated using gasoline and hydrogen. Gasoline operation consists of two fuel 

injectors located in the intake pipe (27). Hydrogen operation also contains two injectors, 

but one placed in the intake pipe, and another high pressure injector placed in the 

combustion chamber (27). The engine specifications can be seen in the following table. 



Table 1.1 Technical Data for BMW Research Engine (27). 

Bore 
Stroke 
Swept volume 
Compression 
Max. speed 
Max. cylinder pressure 
Number of valves 
Valve actuation 
Valve clearance comp. 
Mass compensation 
Valve timing; 

- Inlet 
- Outlet 

Max. valve lift 
Lubrication 
Cylinder liners 
Dry weight 

86 mm 
86 mm 
499.6 cm' 
Variable, presently 10.5;1 
6000 rpm 
100 bar 
4 
DOHC, toothed belt 
Hydraulic tappets 
First order 

268°/120° 
268°/120° 

9.5 mm/9.5 mm 
Dry sump 
Wet 
Approx. 260 kg 

Once BMW ran the research engine on hydrogen using direct injection varying 

the start of injection became a parameter to observe. The engine load was varied within 

an IMEP range of 5-10 bar while the start of injection was varied for each loading point 

(27). Their investigations lead to the conclusion that the injection of fuel should not 

happen after ignition. Therefore, the latest possible injection point with increasing load 

was moved from 40° to 60° crank angle BTDC (27). Test results of how varying the start 

of injection effects indicated efficiency can be shown on the next page. 
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Figure 1.1 Indicated Efficiency as a Function of Start of Injection (27). 

Even though a higher efficiency was achieved at low loads hydrogen emissions 

increased. A relation between start of injection and emissions can be seen in Figure 1.2 

for various loads. NOx formation at high engine loads is a reverse trend compared to the 

trend shown in Figure 1.2. When the start of injection is early more time is available for 

a homogenous mixture, therefore resulting in high NOx emissions. When late injection 

occurs a non homogeneous mixture becomes apparent. Although, NOx emissions are 

reduced when the mixture is not homogeneous, hydrogen emissions are increased 

because the mixture does not bum completely. Figures 1.2 and 1.3 show this 

comparison. 
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Figure 1.2 Hydrogen Emissions as a Function of Start of Injection (27). 
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Figure 1.3 NOx Emissions as a Function of Start of Injection (27). 



BMW assumed that direct injection of hydrogen would provide good high load 

properties. Testing confirmed the assumption of direct injection of hydrogen was able to 

achieve an indicated mean effective pressure greater than gasoline (27). Since extemal 

injection of hydrogen displaces a noticeable amount of air the indicated mean effective 

pressure is below than that of gasoline operation. Direct injection also provides the 

means of operating at higher relative air/fuel ratio. The relative air/fuel ratio can be 

expressed with the following equation. 

X^^. 1.1 

Where m^ is the mass flow rate of air and thj- is the mass flow rate of fuel. At higher 

loads the relative air/fuel ratio can be richer in direct injection mode because the air 

amount remains constant due to injection occurring after the intake valve has closed. 

Figure 1.4 graphically displays the results of indicated mean effective pressure for port 

injection of hydrogen and gasoline as well as direct injection of hydrogen. 
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Figure 1.4 Characteristics of IMEP for Port and Direct Injection (27). 

Hydrogen emissions are a concem when operating a hydrogen fueled engine. 

Emission investigations between extemal and intemal mixture formation were carried 

out. The experiments indicated that at higher air/fiael ratios the amount of unbumed 

hydrogen was higher under direct injection versus port injection. This is caused by the 

inhomogeneous mixture and very lean combustion zones (27). As the relative air/fiael 

ratio reaches ranges of 3.5 to 4.5 the amount of unbumed hydrogen can increase upward 

near several 1000 ppm (27). The following figure shows how unbumed hydrogen 

content varies between port and direct injection. 
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Figure 1.5 Hydrogen Emissions as a Function of Relative air/fuel Ratio (27). 

Further examination of NOx emissions enhances the motivation for the direct 

injection method. With direct injection the engine-out emissions can be distinctly 

reduced at high engine loads by delaying the start of injection as indicated in Figure 1.3. 

By having the injection late there is not a sufficient amount of time for a homogenous 

mixture to occur, therefore a mixture of rich and lean zones are formed which cause a 

reduction in emissions. The results from NOx emission testing shown in Figure 1.6 will 

illustrate that for every indicated mean effective pressure point the NOx emissions are 

lower using direct injection of hydrogen versus port injection and gasoline as well. 
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1.6 NOx Emissions Related to Load for Port and Direct Injection ofHydrogen and 
Port Injection of Gasoline (27). 

The research efforts from BMW show that a hydrogen fueled engine is a 

promising option for future mobility. Based on the discoveries BMW has found, direct 

injection of hydrogen into the combustion chamber may provide the means to increase 

engine efficiency, and decrease emissions while maintaining an optimal level of power 

output. With two decades of research and development BMW has a 7 series sedan that 

produces 184 hp with a top speed of 133 mph (41). In addition to the incredible power 

output the sedan has a 200 mile driving range (41). The fuel range is a disadvantage 

when trying to store gaseous hydrogen on board. BMW has developed a fuel tank that 

will withstand the harsh requirements to store hydrogen as a liquid. There solution was 

to create a high-vacuum environment between double tank walls in which 70 layers of 
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glass fiber mats altemate with aluminum foil (30). Although this insulation is only just 

over 1-in thick, BMW says that it is as effective as a 13-ft thick polystyrene shield in 

keeping heat away (30). BMW has redesigned refiieling techniques that has dropped the 

refiieling time from one hour to under three minutes. BMW plans to be well prepared 

once the hydrogen infrastmcture becomes fially developed. 

Ford Motor Company began research and development of a hydrogen fueled 

intemal combustion engine in 1997. Ford Motor Company wanted to produce a low cost, 

lightweight, and compact packaged engine. The engine selected was a Ford 2.0L Zetec 

engine. The engine specifications can be seen in the following table. The engine used 

consisted of a cast iron block and aluminum cylinder head. The European Zetec cylinder 

block was chosen because of its centralized water pump configuration and its capability 

to incorporate piston cooling oil squirters, which testing later determined were not needed 

(12). 

Table 1.2 Ford 2.0 L Engine Specifications (12). 

Bore 

Sfroke 

Displacement 

Number of Valves 

Valve actuation 

Block 

Cylinder Head 

84.8 mm 

88.0 mm 

2.0 L 

16 

DOHC 

Cast Iron 

Aluminum 

Some predevelopment testing indicated that backflashing and pre-ignition would be the 

two largest performance restrictions. Information gathered from these tests and the 

literature led to upgrades in four different areas (12). 
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The first area to receive an upgrade was oil control. Ford wanted to minimize hot 

oil residue remaining in the combustion chamber after a combustion cycle. Upgrading 

the oil control would also help in the reducfion of carbon based emissions. Certain 

engine changes were made to improve this area. The cylindricity of the block was 

improved by deck plate boring and honing. The cylinder block final bore size was 

85.215 over/under 0.005 mm diameter which was 0.4 mm oversize from production 

allowing use of available oversize piston rings (12). A final peak honed surface finish 

allowed for quick ring seating. High silicon hypereutectic cast aluminum pistons were 

implemented for improved strength and low thermal expansion as well as low leakage 

valve stem seals (12). 

The cylinder head was also upgraded for the hydrogen engine development. The 

intake and exhaust ports were improved to increase the volumetric efficiency. A cross-

flow coolant path was integrated to help cooling around the spark plug and exhaust seats 

(12). Two exhaust valves per cylinder were sodium coated for better temperature 

reduction. 

The ignition system also received special treatment. A side gap spark plug was 

used with no platinum electrodes. Platinum was not used since platinum was thought to 

be a possible ignition catalyst for hydrogen (12, 37). Ford chose the side gap plug 

because it had a low thermal mass. In addition to the spark plug, the double fire coil 

system used on the production Zetec was changed to a separate coil on plug unit. 

Other engine parameters were changed such as wrist pins, connecting rods, piston 

ring lands, and fuel injectors. The wrist pins were increased in size from a 20.6 mm 
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diameter to 23 mm (12). The connecting rods were upgraded for 90 bar peak cylinder 

pressure (12). The decision to change the connecting rods was made from examining 

earlier tests that indicated pre-ignition would be a serious issue. Earlier testing also 

showed that multiple ring land failures occurred. The compression ring was moved up by 

2 mm which increased the second ring land width by 2 mm (12). Calculations 

determined that the 2 mm thicker second ring land reduced stress by 47% (12). A special 

fiiel injector housing was fabricated to allow the capabilities of having two injectors per 

cylinder. The idea of having multiple injectors per cylinder is being able to inject 

stoichiometric mixtures within the duration of the intake stroke at high engine speeds 

(12). Ford evaluated a number of injectors that could handle the low lubricity of 

hydrogen without failure. 

Unlike BMW, Ford Motor Company decided to test a port fuel injection design 

rather than a direct injection design. Ford decided to use a port fuel injection set-up 

because it provided excellent cylinder to cylinder fuel distribution and would help 

minimize the effects of backflashing (12). In addition, the port fuel injection system is 

less complicated and lower in cost. Ford built a series of engines that have different 

compression ratios for testing purposes. The compression ratios under consideration 

werelO, 12.5, 14.5, and 15.3 (7). 

Once all the engine parameters were upgraded testing began on the engine. Most 

of the testing was done at a compression ratio of 14.5:1. The first test was to evaluate 

backflash. Backflash can be described as the condition when the fresh charge of 

hydrogen is ignited before the intake valve closes (7). Ford wanted to vary the amount of 
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hot exhaust residual to which the hydrogen air mixture was exposed. An evaluation of 

the frequency of backflash at different valve overlap was preformed. The intake and 

exhaust valve overlap could be changed independently since there is one cam shaft for 

the intake and another for the exhaust. The overlap for the production engine is 20° crank 

angle (7). Testing showed that 18° crank angle overlap produced the highest torque. The 

maximum equivalence ratio, (f), was limited to pre-ignition not backflash. Equation 1.2 

shows the expression for equivalence ratio where rkj- is the mass flow rate of fuel and 

m^ is the mass flow rate of air. 

rhf 
^ = ^ . 1.2 

For all of the different overlap tested there was no backflash observed so the valve 

overlap was returned to 20° crank angle for the rest of the tests (7). It has been suggested 

that backflash can be controlled by injecting the hydrogen only during the forward flow 

of air into the cylinder during the intake stroke (38, 7). This would reduce the chance of 

the fuel being heated or coming into contact with hot spots. 

To enhance the study of backflash the engine was equipped with two fuel 

injectors per cylinder one of four times the flow rate of the other (7). The fuel rail 

pressure could be varied to change the flow rate of the injector. The injection timing 

could also be modified. Changing of the flow rate and injection timing can be used to 

achieve intake valve open injection duration at various loads (7). Testing at various 

engine speeds pointed out under steady state conditions there was no measurable benefit 

of a specific injection duration, or timing during the intake vale open period that would 
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extend the maximum equivalence ratio (7). Therefore, the end of injection event was set 

to 180° crank angle before top dead center ignition (7). 

Ford determined that pre-ignition is the primary source for limited torque output. 

Pre-ignition is the ignition of the fresh charge after the intake valve closes and before the 

spark plug fires (7). When pre-ignition occurs a much higher peak cylinder pressure is 

present. The extremely high cylinder pressures that occur can severely damage an 

engine. Figure 1.7 shows the cylinder pressure for one pre-ignition event. 
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Figure 1.6 One Pre-Ignition Event (7). 
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When several pre-ignition events occur the actual peak pressure is unknown, but in some 

cases pressure measurements have been read as high as 140 bar. The exact source of pre-

ignition is unclear, in fact there maybe several sources depending on operating conditions 

(39, 7). Ford developed a condition called borderline pre-ignition which defines the 
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maximum limit of equivalence ratio. The borderline pre-ignition is defined as 1% or less 

of the combustion cycles experiencing a pre-ignition event (7). A small increase of 

equivalence ratio is achievable with retarded spark timing, but is usually less than 5% (7). 

A unique property of hydrogen is that is has a high octane rating of over 130. 

This property would be an optimum opportunity to use a high compression ratio. 

Theoretically the engine efficiency increases as the compression ratio increases. The best 

compression ratio would be a compromise between thermal efficiency, borderline pre-

ignition, friction, and engine durability (7). Development engines were buih and tested at 

three different compression ratios 15.3, 14.5, and 12.5:1. All three compression ratios 

were tested for the best brake thermal efficiency, and the results can be seen in Figure 

1.8. 
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Figure 1.8 Compression Ratio Effect on Brake Thermal Efficiency (7). 



The results shown in Figure 1.8 were tested at an engine speed of 3000 RPM at wide 

open throttle. From this test a compression ratio of 14.5 yielded the highest brake 

thermal efficiency and therefore set as a standard for the rest of the testing. 

The power curves between the gasoline and hydrogen powered engines were 

compared to each other. The low to mid speed torque difference is about 35% and the 

high speed maximum power is a 50%) difference (7). Typical city driving the power 

disadvantage would be noticed, but small things could be modified to help compensate 

for lack of power. On the other hand, power needed for merging onto a highway and 

passing is too much of a shortfall to overcome and is a critical disadvantage. Figure 1.9 

shows these power curves. 
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Figure 1.9 Power and Torque for Gasoline and Hydrogen at Wide Open Throttle (7). 
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The lack of power is primarily a function of volumetric efficiency and the borderline pre-

ignition limit (7). The amount of air that hydrogen displaces is the direct reason for the 

poor volumetric efficiency. When hydrogen stoichiometric conditions occur the 

volumetric efficiency decreases by 29%) (7). The pre-ignition limit cripples the chance of 

increasing the amount of fuel to gain more power. 

Ford Motor Company also tested emissions on the hydrogen engine. Ford 

discovered a similar trend that BMW found that the concentration of unbumed hydrogen 

increased as the mixture became lean. Like BMW, Ford is under the impression the 

unbumed hydrogen comes from a mixture of rich and lean zones in the combustion 

chamber. The rich and lean zones in the combustion chamber indicate that the 

combustion is not complete and as a result concentrations of unbumed hydrogen. The 

unbumed hydrogen concentration as a function of equivalence ratio can visually be seen 

in Figure 1.10. 

18 
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Figure 1.10 Unbumed Hydrogen as a Function of Equivalence Ratio (7). 

NOx emissions are also a function of equivalence ratio. When the equivalence ratio is 

increased to make more power the concentration of NOx dramatically increases. Even 

though the NOx concentrations can be extremely high these tests were preformed without 

any exhaust gas treatment such as a NOx trap catalyst, or exhaust gas recirculation. With 

these exhaust methods implemented it is possible to lower these emissions a significant 

amount. The NOx concentrations can be seen in Figure 1.11. 
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Figure 1.11 NOx Concentration as a Function of Equivalence Ratio (7). 

Ford Motor Company wanted to develop a low cost and a noncomplex hydrogen 

fueled engine. The use of a mass produced engine provided the means to help 

accomplish this goal. Even though early testing and development of this engine showed 

to have a lack of volumetric efficiency and power. Ford has increased both to far above 

par level. Today Ford has a developed hydrogen fueled engine that produces 125 hp with 

an increase in volumetric efficiency with the aide of 12 psig boost pressure. With the 

addition of the boost pressure the compression ratio was decreased from 14.5 to 12.5:1. 

The borderline pre-ignition limit was increased by routing the hydrogen gas as well as the 

compressed air through an inner cooler before the fuel is injected. Ford Motor Company 

has developed a promising system for hydrogen mobility. 
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Nissan Motors and Musashi Institute of Technology coordinated a research effort 

testing two different hydrogen fueled engines. The two engines were spark ignition and 

were port fuel injected. The first engine is the Nissan GA 13. This engine has a 

displacement of 1.3L with 4 cylinders and variable compression ratios of 9.5 and 12:1. 

The second engine is the Nissan KA 18 has a displacement of 1.8 L with 3 cylinders with 

compression ratio variation of 9.5, 12, 14, and 16:1. The goal for this research project 

was to determine how compression ratio influenced thermal efficiency as well as 

determine how turbo charging influenced thermal efficiency, NOx emissions, and power 

output. Testing concluded that at the same compression ratio, the KA engine with a 

larger bore and smaller surface/volume ratio has a higher thermal efficiency compared to 

the GA engine due to the reduction of heat loss (8). Results of the test can be seen in 

Figure 1.12. 
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Figure 1.12 Influence of Compression Ratio on Thermal Efficiency (8). 
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After analyzing the results of this test the KA engine received boost pressure from a turbo 

charger. The following figures will show that it is possible to achieve power output, NOx 

emissions less than 10 ppm, and a higher thermal efficiency by adding boost pressure (8). 
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Figure 1.13 Influence of Turbo Charging on Thermal Efficiency (8). 
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Figure 1.14 NOx Emissions and Thermal Efficiency vs. Output Power (8). 

Nissan Motors and Musashi Institute of Technology determined that if adding 

boost pressure to a hydrogen fueled engine will help achieve higher efficiency, power, 

and lower NOx emissions. In addition to those conclusions indications that a larger bore 

also increased thermal efficiency and may lead to fiirther development work with larger 

displacement engines. 
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1.3 Objective 

As the 2V^ century continues the supply of oil and petroleum products will 

deplete. The amount of HC emissions will continue to rise greatly reducing the air 

quality. Hydrogen as a fuel will help meet the proposed super ultra low emission 

standards by potentially exhausting water and heat. The hydrogen infrastmcture at the 

time is not in place to supply hydrogen demands, but with more development using 

hydrogen as a fuel will motivate the development of the infrastmcture. Therefore the 

objectives of this research were: 

(a) Develop an understanding of the certain hydrogen properties that effect the 

operation of an intemal spark ignition engine. 

(b) Apply fundamental engine theory to develop a working hydrogen fueled 

intemal combustion engine with minor modifications 

(c) Evaluate the engine performance to use as a baseline for future development 

and improvements. 
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CHAPTER II 

HYDROGEN PROPERTIES 

2.1 Introduction 

Although hydrogen is a component of gasoline, hydrogen alone has unique 

characteristics compared to gasoline. Understanding these properties will aide in engine 

design and the development of confrol algorithms to avoid pre-ignition. Pre-ignition is 

the ignition of the fresh charge after the intake valve closes and before the spark plug 

fires (7). 

2.2 Phvsical Properties of Hvdrogen 

Table 2.1 shows a comparison of hydrogen properties to gasoline properties. 

Ignition limits and ignition energy are important properties. The necessary conditions for 

the ignition of hydrogen and air are a critical mixture ratio, and an ignition source with 

sufficient energy (22). There is a lower and a higher ignition limit. Self-sustained flame 

propagation in the mixture is impossible beyond these limits. Besides the mixture 

composition, ignition limits depend on the ignition energy, initial pressure, initial 

temperature, and relative humidity. The ignitable concentration range is widened by a 

strong increase in ignition energy. This effect is minimal, especially in terms of self-

sustained flame propagation. Initial pressure in the mixture before ignition also effects 

the range of flammability. The upper ignition limit is disconcerted by an increase in the 

initial pressure. 
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Table 2.1 Physical Properties ofHydrogen and Gasoline (23, 36). 

Property 

Specific Gravity at STP relative to air 

Normal Boiling Point (K) 

Critical Pressure (atm) 

Density of Liquid at STP (kg/L) 

Density of Gas at STP (kg/m') 

Density Ratio, STP 

Octane Rating 

Thermal Diffusivity in STP air (cm^/s) 

Diffusion Velocity in STP air (cm/s) 

Quenching Gap in STP air (mm) 

Limits of Flammability in air Vol. (%) 

Limits of Detonation in air Vol. (%) 

Minimum Energy for Ignition in air (mJ) 

Autoignition Temperature (K) 

Maximum Burning Velocity in STP air 

Flame Temperature in air (K) 

Hydrogen 

0.07 

20.3 

12.8 

0.0708 

0.838 

845 

130+ 

0.61 

~2 

0.64 

4-75 

18.3-59 

0.02 

858 

278 

2318 

Gasoline 

-4 .0 

310-478 

24.5-27 

-0.70 

-4.40 

-150 

86-110 

-0.05 

-0.34 

2 

1-7.6 

1.1-3.3 

0.24 

501-744 

37-43 

2470 

A decrease in the initial pressure below normal will cause a narrowing of the ignitable 

concentration range where eventually self-sustained flame propagation will not take 

place. The minimum ignition energy for hydrogen is about one order of magnitude 

smaller than gasoline and other combustible fuels. The ignition energy must be large 

enough to produce a flame kemel of critical size so that it will not be extinguished 

immediately by the surrounding environment. However, even weak ignition sources such 

as sparks from electrical switches can release more energy than necessary to ignite 

hydrogen. The low ignition energy for hydrogen will be a key property when dealing 

with pre-ignition during engine operation. 
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A flame front extinguishes itself when entering a gap of a certain critical width. 

This critical width is called the quenching distance. The quenching distance of hydrogen 

IS very low which can be usefiil since more unbumed fiiel is reached and more of the 

volume of the cylinder is used. On the other hand, the small quenching gap can also be a 

disadvantage. The small quenching gap means that hydrogen can travel into tighter 

places that most hydrocarbon fuels can not, which can result in ignition from small hot 

spots throughout the intake manifold and valve area. Minimizing rough edges where 

hydrogen is exposed may reduce the occurrence of backflash. 

Burning velocity is a fundamental safety parameter of a combustible fiiel mixture 

and must not be confused with flame front velocity. Flame front velocity is the sum of 

the burning velocity and the displacement velocity of the unbumed gas mixture. The 

higher the normal buming velocity of a combustible air/fuel mixture under STP 

conditions, the greater the tendency of transition from deflagration to detonation. 

Hydrogen's high normal buming velocity along with the strong temperature dependence 

is one of the most important reasons for the acceleration from laminar to turbulent 

hydrogen flame fronts and for the transition of a deflagration into a detonation. 

The flame temperatures of hydrogen and gasoline differ very little in 

stoichiometric mixtures with air, see Table 2.1. Flame temperatures for a hydrogen-air 

mixture have a high dependence on the initial temperature of the unbumed mixture. If 

backflashing or pre-ignition occur then the initial temperature for the following 

hydrogen-air mixture will be increased and increase flame temperatures. If the flame 

temperatures are increased then there will be a greater chance of backflashing and/or pre-
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ignition to keep occurring. Based on current information, traffic accidents with liquid 

hydrogen fuel involve notably lower risks for drivers, passengers, and pedestrians due to 

hydrogen's very short evaporation and buming times in comparison to conventional fuels 

such as gasoline and diesel fiiel, when released in equivalent amounts, because of the 

extremely fast distribution and dilution of evaporating hydrogen in the open. Complete 

and total proof of this has yet to be demonstrated. 

In order to control accident situations in which large amounts of combustible 

gases and quickly evaporating liquid fuels are released and ignited, it is critical to have 

the most accurate information about the criteria and mechanisms of a possible 

acceleration of the deflagration to a detonation. Depending on the existing start-up and 

boundary conditions, the same combustible gas-air mixture can adopt buming velocities 

that differ by orders of magnitude. Laminar buming velocities of stoichiometric mixtures 

of conventional combustible gases such as methane or propane with air are about 0.5 m/s, 

and hydrogen-air mixtures about 2.4 m/s, refer to Table 2.2. 

Table 2.2 Laminar Buming Velocities (35). 

Fuel 

Hydrogen 

Methane 

Propane 

Umax ( c m / s ) 

346.0 

43.0 

47.2 

Ustoic (cm/s) 

237.0 

42.9 

46.0 

A combustible gas-air mixture can accelerate to turbulent flame speeds of several 

hundred m/s by a transition from laminar to turbulent flame-fronts, turbulence-producing 

stmctures, interaction of the flame front with reflected pressure and shock waves, pre-

compression and heating of the unbumed gas mixture due to preceding pressure waves. 
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The higher the Uirbulent buming velocity and the corresponding flame velocity, the easier 

a transition to detonation occurs. A detonation spreads relative to a un-combusted gas/air 

mixture at supersonic speed with a typical velocity of several km/s. A detonation 

consists of a strong shock and a reaction zone. The rise in temperaUire in the shock leads 

to self-ignition of the combustible gas/air mixture under shock so that the reaction front 

coupled to the compression shock moves at a detonation speed. 

Turbulences in a un-combusted pipeline and room stmctures create additional 

increases in burning velocity and thus, further acceleration of the flame front. 

Disregarding the rise in the degree of turbulence in a un-reacted mixture before the flame 

front due to flow obstacles, each acceleration of the flame front itself causes forward and 

backward compression shocks. These shocks are reflected from solid walls; meet the 

flame front again and once more influence the buming velocity through feedback. 

In the entire detonation range, hydrogen proves to be much more sensitive to the 

transition to detonation than hydrocarbon fiiels. It would be premature to conclude that 

hydrogen in principle has a greater risk potential in accident situations. In order to 

achieve a detonation or, a transition from deflagration to detonation, the mixture 

composition must be within the detonation limits. From the point of view of safety, the 

lower ignition limit is important as well as the lower detonation limit. When compared to 

gasoline hydrogen has a high limit of detonation around 18.3-59%, whereas gasoline is 

1.1-3.3% in air volume (23, 36). Even though hydrogen has a high limit of detonation 

compared to gasoline the range of the limit of detonation is very large when compared to 

gasoline. 
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The combustion chamber of a spark ignition intemal combustion engine houses 

the entire combustion process. The process from beginning to end tends to vary widely 

from cycle to cycle (2). Flow from the intake and exhaust valves introduces large 

amounts of turbulence into the propagating flame front. This turbulence, if too great, can 

extinguish the flame and cause a misfire (9). 

The initial ignition of the air/fuel mixture results in a small kemel around the 

spark plug gap. The kemel of flame requires some amount of time to form a useful flame 

front. The formation of this kemel is very important in the propagation of the fully 

developed flame (10). The spark from the spark plug supplies energy in an irregular 

fashion. This irregular distribution of energy to the mixture creates cracks, or dents, in 

the initial kemel. The cracks persist as the spherically expanding flame front propagates. 

Pressure in the combustion chamber causes the cracks in the lean hydrogen/air mixture to 

propagate through the flame front, giving it a cellular appearance. The cellular stmcture 

results in an increased flame speed. 

Turbulence induced by flow through the cylinder head valves can dramatically 

influence the consistency of the developing flame front (6). Studies show that the 

propagating front increases linearly with time when the propagation is not subjected to 

turbulence. This situation is not advantageous in intemal combustion engine 

configurations because the flame forms relatively slowly and propagates too slowly. 

Turbulent vortices of the incoming medium can enhance the flame propagation speed. 

The increase can be 2-3 times the undisturbed rate in a well designed combustion 

chamber (9). However, a large vortex introduced into the flame can completely 
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extinguish the flame. The resulting misfire can be avoided if care is taken in the design 

and placement of combustion chamber components (6). 

The lean hydrogen mixture has a flame speed many times greater than that of 

gasoline. The thermal diffusivity of hydrogen is many times greater than that of 

hydrocarbon fuels. Another property, mass diffiisivity, is also higher than hydrocarbon 

fuels. These properties give hydrogen a much higher flame speed compared to gasoline. 

The flame front of the lean hydrogen/air mixture forms and propagates in much the same 

fashion as gasoline, with the difference being that the process is much faster for 

hydrogen. This can have a large effect on ignition timing. The rapid development of the 

hydrogen flame front means that the timing of the engine may not have to be advanced as 

much. In fact, the timing could be retarded to decrease pre-detonation in the cylinder. 

Based on the characteristics of hydrogen and the literature survey the most 

important issue conceming a hydrogen fueled engine is pre-ignition. Recalling that pre-

ignition is the ignition of the fresh charge after the intake valve closes and before the 

spark plug fires (7). This is one reason why hydrogen engines are operated in a very lean 

ah/fuel ratio. The low density of hydrogen is another reason why hydrogen engines are 

operated in the lean regime. Since hydrogen takes up a large amount of volume the 

hydrogen will displace much of the inlet air and will yield a poor volumetric efficiency. 

This causes the engine to operate in lean conditions in order for the engine to breathe. 

Even though hydrogen has a very fast bum rate and a very small quenching distance a 

hydrogen engine will emit some amount of unbumed hydrogen. Referring to the 

experiments discussed in the literahire survey, if the equivalence ratio is approaching 
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stoichiomefric then unbumed hydrogen gas concentration decreases to a very low 

amount. When the equivalence ratio is very lean then there is a high unburned hydrogen 

concentration which is a good candidate for ignition. It appears that a lean equivalence 

ratio will help reduce the risk of pre-ignition, but a risk of pre-ignition is still high since 

there will be a high concentration of unbumed hydrogen left in the combustion chamber. 

2.3 Conclusion 

The physical characteristics of hydrogen make operation of a hydrogen fueled 

intemal combustion spark ignition engine considerably different from conventional 

gasoline fueled engines. The flame speed of hydrogen, while the progression of the 

flame front is very similar to that of gasoline, dramatically affects the ignition timmg. 

Ignition timing may be retarded considerably from gasoline engine timing. The exact 

ignition timing maps must be produced and tuned during actual engine operation. 

The physical characteristics of hydrogen can have a disadvantage when using 

hydrogen as a fiiel. Equivalence ratio can have a dramatic effect on pre-ignition. Despite 

hydrogen's high equivalent octane rating its wide flammability limits cause many 

problems with premature ignition. Reducing hot-spots in the combustion chamber and 

better control algorithms may overcome these disadvantages and enhance the 

performance of a hydrogen fueled engine. 
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CHAPTER III 

ENGINE THEORY AND HYDROGEN ENGINE DESIGN 

3.1 Introduction 

After becoming familiar with the physical characteristics of hydrogen, the engine 

criteria can be focused on. The initial goal was to design and develop a working 

hydrogen fiieled intemal combustion engine without extraordinary modifications. This 

chapter will discuss basic engine theory with a description and specifications of the 

engine used in this research. 

3.2 Basic Engine Theorv 

Before an engine is selected, designed, and built some engine theory is important 

to know. Most engines used in automobiles are known as four stroke engines. The four-

stroke cycle means that each cylinder requires four strokes of its piston, or two crankshaft 

revolutions (3). Descriptions of the four strokes are as follows. 

1. Intake Stroke - On the intake stroke the piston moves from the top to the 

bottom of the cylinder. The intake valve is open creating a constant pressure 

increase in volume. The air/fuel mixture is pulled into the combustion 

chamber. 

2. Compression Stroke - During the compression stroke, both intake and exhaust 

valves are closed and the piston is driven up the cylinder. As the piston moves 

upward the air/fiiel mixture is compressed and the pressure in the cylinder 
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increases. Toward the end of the stroke the spark plug fires giving enough 

energy to ignite the air/fuel mixture. 

3. Expansion Stroke, or Power Stroke - As a resuft of the air/fuel mixture ignited 

the piston is pushed downward by the flame front causing the crankshaft to 

rotate. An increase in volume is experienced. 

4. Exhaust Stroke - On the piston's way back up the cylinder, the exhaust valve 

is open while the intake valve is closed. The bumt gases are pushed out of the 

cylinder and the process is ready to begin again. 

A visual description of the four strokes can be seen in Figure 3.1. 

Inl;t Exhaust Inlet Exhaust Inlet Exhaust Inlet Exhaust 

Figure 3.1 Four-Stroke Operating Cycle (3). 

The total volume, displaced volume, and combustion chamber volume as well as top and 

bottom center are also shown in Figure 3.1. With an understanding of basic engine 

theory a selection of an engine can be made. 
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3.3 Hvdrogen Research Engine Selection and Specifications 

The engine selected for this project is a supercharged port fuel injected Ford 2.3L, 

4 cylinder engine from a 1986 Mustang SVO. There are various reasons for selecting this 

engine. The SVO engine was equipped with a turbocharger from Ford Motor Company 

and therefore could withstand high cylinder pressures. The ability to withstand high 

cylinder pressures will be advantageous if pre-ignition occurred. The selection of this 

engine was also based on the fact that there are a wide range of aftermarket performance 

parts available for modifications. 

The 2.3L SVO engine is similar to the 2.0L Zetec engine that Ford Motor 

Company developed and built for hydrogen operation, this would aide in comparing and 

contrasting technical issues experienced during engine operation. In addition to these 

advantages the SVO engine is small and relatively light weight. The physical size of the 

engine is an advantage for packaging purposes and allows extra room for future 

development work. Weight is always an issue when designing a sport utility vehicle, the 

2.3L SVO engine is a light weight engine compared to other spark ignition engines. 

Some of the technical specifications are different than a factory built 2.3L SVO 

engine and will be discussed in the next section. A table of the engine specifications can 

be seen on the following page. 
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Table 3.1 Research Engine Specifications. 

Bore 
Stroke 

Displacement 
Number of Valves 

Valve actuation 
Block 

Cylinder Head 

Compression Ratio 
Valve Timing 

Valve Lift 
Intake/Exhaust Valve 

Duration 
Valve Overlap 

3.811 in. 
3.126 in. 
2.34 L 

8 
SOHC (Stock camshaft) 

Cast Iron 
Aluminum 

12.6:1 
Advanced 3° 

0.2381 in. Mtake/Exhaust 
hitake 202.5° CA 

Exhaust 205.3° CA 
-53.7° CA 

3.4 Hvdrogen Research Engine Modifications 

Modifications to the research engine were not extreme and ranged from engine 

components to the control system. The stock SVO engine had a bore of 3.781 in. The 

research engine was bored 0.030 in. oversized to make sure that the cylinder walls were 

clean and free from imperfections. The larger bore provided the means to install a larger 

set of piston rings which would help prevent blow by, but would increase friction. 

Preventing blow by had a greater importance than friction in this case. 

The cylinder head was changed from a cast iron head to an aluminum head made 

by Esslinger Racing. With pre-ignition being one of the most important issues the 

aluminum cylinder head will help reduce the occurrence of pre-ignition. To help reduce 

pre-ignition, heat must be removed from the combustion chamber. The aluminum 

cylinder head provides better heat transfer than the cast iron head therefore provides 

potential to reduce combustion chamber temperatures. The aluminum cylinder head was 
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also modified to give the engine a compression ratio of 12.6:1. Since hydrogen has a 

high octane rating it would be beneficial to take advantage of this unique characteristic by 

raising the compression ratio to increase engine efficiency. The combustion chamber 

volume was reduced as much as possible without harming the integrity of the cylinder 

head. 

Fuel system components were also modified. The stock gasoline fuel injectors 

were replaced with hydrogen fuel injectors. Hydrogen is a very dry gas and requires a 

special injector to withstand the low lubricity of hydrogen. The hydrogen fuel injectors 

operate at 80 psi, while most gasoline injectors operate in a range of 20 to 40 psi. The 

hydrogen fuel injectors have a static flow at a 100% duty cycle of 3.05 g/sec (42). 

A larger fuel rail was fabricated to provide an adequate supply of hydrogen to all four 

injectors. The fuel rail was increased in size from 3/8 in to 1 in outside diameter. A gas 

pressure regulator with a relief valve was implemented in the fuel delivery system. 

Unlike conventional gasoline fuel systems, the hydrogen fiael system is not equipped with 

a return line from the pressure regulator to the fuel tank. 

In addition to the fuel system the air induction system was also modified. A 

Rotrex centrifugal supercharger unit SP30-84 was added to help increase volumetric 

efficiency and provide the engine cylinders with more air. The unit used was an older 

model which used engine oil for lubrication instead of having a self contained lubrication 

unit. To ensure the maximum oil inlet temperattire did not exceed 80° C a heat exchanger 

was installed upstream of the supercharger oil inlet. The supercharger could produce a 

maximum of 10 psig of boost based on a maximum engine speed of 4000 RPM at wide 
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open throttle operation with a pulley ratio of 6:1.2. The supercharger may not be able to 

displace enough air but. Ford Motor Company and Rotrex superchargers were kind 

enough to donate a SP30-84 supercharger. 

To help reduce the risk of backflashing and pre-ignition the air charge was cooled. 

The compressed air from the supercharger passed through an aluminum air to air heat 

exchanger. In addition to the heat exchanger a water injection system was also 

implemented in the intake plenum just after the throttle body. Small water misters, 

Arizona Mist nozzles, were used to help cool the incoming air charge. These nozzles 

were chosen because they provided excellent atomization of the water. Even though 

energy is consumed to vaporize the water, the steam may actually help increase the work 

on the piston. 

One of the most significant modifications was the engine management system. 

The factory equipped engine control unh (ECU) was replaced with an aftermarket engine 

management system, a MoTec M4. The MoTec M4 engine management system was 

chosen for its wide range of capabilities. The M4 system allows for custom fuel maps to 

be developed for a given load and engine speed. When generating the hydrogen fuel map 

a wide band oxygen sensor can be used to aide the process. The wide band oxygen 

sensor measures the relative air/fuel ratio and sends that information to the M4 system 

where a closed loop control can be utilized. Unfortunately the wide band oxygen sensor 

can not respond quickly enough for the M4 system to take advantage of closed loop 

control when dealing with hydrogen as a ftiel. The ability to measure and display the 

relative air/fuel ratio will be critical when frying to avoid pre-ignition during engine 
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operation. The MoTec M4 system has the ability to implement sequential fiiel injection 

and spark. Sequential injection will help reduce the occurrence of backflash since the 

injectors will only inject hydrogen into cylinders that are on the intake sfroke. The pulse 

width and duty cycle of each injection can also be manipulated for a given load and 

engine speed. 

The MoTec M4 system comes equipped with ignition tuning capabilities. The 

spark for each cylinder is sent from an ignition coil. There are four ignition coils, one for 

each cylinder, resulting in a sequential ignition system. Most gasoline engines will use a 

wasted spark to help reduce emissions by buming the residual exhaust gas via the spark 

from the spark plug. When operating a hydrogen engine, some unbumed hydrogen could 

be present in the cylinder during the exhaust stroke and a spark would be an ignition 

source and could cause combustion. Therefore, the wasted spark was not implemented 

for hydrogen engine operation. The M4 engine management system also enables the 

ignition timing as well as the dwell to be modified for optimum operation. 

In addition, the MoTec M4 can collect and record engine data. Parameters such 

as throttle position, manifold pressure, engine speed, and engine temperature are some of 

the parameters that can be recorded and displayed graphically as a function of time. The 

M4 system also has the ability for on the road timing of fuel and ignition maps. The 

MoTec M4 engine management system has all of these capabilities and has more options 

for fiiture development. 

The research engine received other hardware modifications such as an aftermarket 

camshaft pulley and cold spark plugs. The aftermarket camshaft pulley enables the valve 
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timing to be advanced or retarded in increments of 1°. The valve timing for the stock 

SVO camshaft was set at 3° advance to help produce more torque at lower engine speeds. 

In an effort to avoid pre-ignition colder side gap spark plugs were implemented. 

Hydrogen only requires a small ignition source for combustion; therefore the reduction of 

combustion chamber heat will assist in avoiding pre-ignition. 

3.5 Conclusion 

After an understanding of basic engine theory a hydrogen fueled research engine 

was designed and built. The engine chosen was a supercharged, port fuel injected 2.3L 

Ford SVO engine. The SVO engine was chosen for its unique properties and ability for 

modification. The research engine received several modifications most of which were 

simplistic. The modifications to the research engine included engine hardware, a 

supercharger, a water injection system, and a control system. The performance of the 

research engine including all modifications will be evaluated and discussed in the next 

chapter. 
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CHAPTER IV 

HYDROGEN ENGINE PERFORMANCE RESULTS AND DISCUSSION 

4.1 Introduction 

Chapter III discussed the modifications that were made to the research engine. 

This chapter will discuss how those modifications effect engine performance and explain 

the engine performance results. This chapter will also discuss the testing environment 

and the impact the environment had on the results. 

4.2 Engine Performance Results and Discussion 

The performance testing was done at Ford Motor Company's hydrogen testing 

cell. The test was conducted by a Ford employee and a robotic driver to ensure throttle 

consistency. The performance testing was done by using a chassis dynamometer which 

provides a way to show horsepower and torque delivered to the ground by the hydrogen 

fueled research engine. All of the performance testing was done at partial throttle, 72° F, 

and an atmospheric pressure of 12.5 psia. The reading of the atmospheric pressure was 

taken from an auxiliary MAP sensor. One reason the testing was done at partial throttle 

was the engine was primarily developed and tuned for partial throttle operation driving 

conditions needed for the 2004 FutureTmck competition. Another reason is that at wide 

open throttle operation frequent backflashing occurred and caused the engine to behave in 

a cyclic manner and therefore provide noisy dynamometer data. The brake torque at the 

rear wheels as a function of engine speed can be seen in Figure 4.1 on the following page. 
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Figure 4.1 Brake Torque at the Rear Wheels as a Function of Engine Speed. 

In Figure 4.1 a brake torque at the rear wheels of 36.4 Ibf-ft at an engine speed of 3561 

RPM was achieved. The maximum torque shown in Figure 4.1 is the maximum torque 

for partial throttle operation and is not an absolute indication of the maximum torque the 

hydrogen engine could produce if under wide open throttle operation. The maximum 

torque shown in Figure 4.1 is not a corrected value. The corrected value would yield 

maximum torque at standard conditions. All performance data shown in this chapter are 

not corrected values. The next figure shows the correlation between the boost pressure 

supplied by the supercharger and the brake torque as a function of engine speed. 
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Figure 4.2 Brake Torque and Manifold Pressure as a Function of Engine Speed. 

This graph depicts at the brake torque of 36.4 Ibf-ft the boost pressure supplied from the 

supercharger was 3.2 psig. Figure 4.3 on the following page will show brake horsepower 

as a function of engine speed. 
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Figure 4.3 Brake Horsepower at the Rear Wheels as a Function of Engine Speed, 

ft is shown in Figure 4.3 that a brake horsepower of 23.8 hp is achieved at an engine 

speed of 3561 RPM. Again, the maximum horsepower shown in Figure 4.3 is the 

maximum horsepower for partial throttle operation and not the absolute maximum 

horsepower that could be achieved if under wide open throttle operation. The next figure, 

Figure 4.4, will show the correlation of manifold pressure and brake horsepower as a 

function of engine speed. Figure 4.4 on the following page will indicate that at 23.8 hp 

the manifold pressure was 3,2 psig. 
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Figure 4.4 Brake Horsepower and Manifold Pressure as a Function of Engine Speed. 

Brake torque and brake horsepower as a fixnction of engine speed can be seen in Figure 

4.5 on the next page. 
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Figure 4.5 Brake Torque and Brake Horsepower as a Function of Engine Speed. 

Figure 4.5 indicates that the brake torque of 36.4 Ibf-ft and brake horsepower of 23.8 hp 

occur at the same engine speed of 3561 RPM. Both the brake torque and horsepower 

begin to decline once the engine speed reaches 3600 RPM. 

After viewing Figures 4.1 through 4.5 one can see that the torque and power 

outputs are low in magnitude. There are a few issues that could justify this discovery. 

One obvious reason is the inability to bum a relatively rich mixtiire of hydrogen and air. 

Testing could only be done through the cooperation of Ford Motor Company's strict 

safety regulations that forbid anyone being present in the test cell while the vehicle is in 

operation. This safety policy, a good one at that, did not allow the digital readout of the 

wide band oxygen sensor to be monitored. Therefore exact air/fuel mixtures are 
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unknown for test results, but prior driving under partial throttle conditions before testing 

indicates that the range of equivalence ratios where between 0.50 and 0.70. Another 

reason for low power and torque output is not operating the engine at wide open throttle. 

Again, the reason for operating at partial throttle was the engine was primarily tuned for 

partial throttle for the 2004 FutureTmck competition, hi addition, all of the performance 

test results presented in this chapter deal with the hydrogen engine as being the sole 

source of power, testing was not performed under hybrid conditions. In compliance to 

FutureTmck mles all vehicles must be a working hybrid. A wide open throttle test was 

attempted, but frequent backflashing caused the engine to behave in cyclic manner and 

therefore yield inconsistent dynamometer data. 

The insufficient amount of boost pressure produced by the supercharger could 

also be a reason for low torque and power output. In Figures 4.2 and 4.4 shows that at 

maximum torque and power only 3.2 psig of boost was present. A larger supercharger 

that can displace a larger amount of air and provide larger amounts of boost pressure over 

the entire engme speed range will provide the potential to bum richer air/fliel mixtures as 

well as increase the volumetric efficiency. Volumetric efficiency results will be 

discussed in the next section of this chapter. 

The camshaft could also account for low results. The camshaft used was the 

factory camshaft for the SVO engine. The factory built SVO engine with this camshaft 

was designed to make maximum power at an engine speed around 5000 RPM. A 

hydrogen intemal combustion engine needs to make maximum torque and horsepower at 

lower engine speeds than 5000 RPM. At higher engine speeds the amount of time to 
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mject a hydrogen/air mixttire is exfremely short. This is an issue because the MoTec M4 

engine management system is programmed to inject hydrogen when the intake valve is 

open. From Table 2.1 the density of hydrogen gas at standard temperattire and pressure 

conditions is 0.838 kg/ml Unlike gasoline, hydrogen will not hover around a closed 

valve, it will begin to travel up the intake system and have a great potential to cause 

backflashing. This is one of the reasons for needing a camshaft designed to make 

maximum torque and power at engine speeds of 2500 to 3000 RPM. A custom camshaft 

would also help use the compressed air from the supercharger more effectively. The 

supercharger gives the potential to put more air into the cylinders, but the profile of the 

camshaft determines valve lift and duration and that allows the air/fuel mixture to flow 

into the cylinders. 

4.3 Volumetric Efficiencv Evaluation and Discussion 

As mentioned earlier in the chapter the wide band oxygen sensor data could not 

be monitored while testing, therefore the air/fiiel ratio could not be collected. In order to 

evaluate the volumetric efficiency of the engine the air/fuel ratio is critical. The air/fuel 

ratio will provide a means to calculate the mass flow rate of fiiel. Once the mass flow 

rate of fuel is known a thermal efficiency can be calculated. The expression for thermal 

efficiency is shown in Equation 4.1 where P is power, rhj^ is the mass flow rate of fiiel, 

and Q^^y is the lower heating value of hydrogen. 

p 
Vf= . \ , • 4.1 

^ / * QHV 
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When the thermal efficiency is determined it can be used to calculate volumefric 

efficiency. The equation for volumetric efficiency can be seen in the following equation. 

2 * P 
n.^ —/ . 4.2 

rif''N*Vd*Q„,*p^*F/ I actual 

In Equation 4.2 P is power, i]^ represents themial efficiency, N is engine speed, Vd is 

engine displacement, and Q„y is the lower heating value of hydrogen. The term ^ 
/ A actual 

refers to the actual fiael/air ratio during engine operation. The term p^ represents the 

density of the ambient air. Volumetric efficiency calculations were made for three cases. 

For the three cases a thermal efficiency of 0.35 was used along with actual fuel/air ratios 

of 0.02, 0.0167, and 0.0147. Even though air/fuel ratio data could not be collected during 

testing, previous engine operation prior to testing indicated that the fiael/air ratio ranged 

from 0.02 to 0.0147. The thermal efficiency of 0.35 was chosen based on thermal 

efficiency curves correlated to different compression ratios as a fiinction of equivalence 

ratio which can be seen in Figure 1.8. Figure 1.8 indicates that for a compression ratio of 

12.5:1 and an equivalence ratio range of 0.5 to 0.7 the thermal efficiency is about 0.35. 

The current hydrogen engine has a compression ratio of 12.6:1 and operates in a range of 

0.5 to 0.7 equivalence ratio, therefore using 0.35 as a thermal efficiency is a valid 

assumption. Figure 4.6 on the next page shows the three cases of volumetric efficiency as 

a function of engine speed. 
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Figure 4.6 Volumetric Efficiency as a Function of Engine Speed. 

The case of a thermal efficiency of 0.35 and a fuel/air ratio of 0.0147 yields the highest 

volumetric efficiency of 41.0% at an engine speed of 3324 RPM. The lowest volumetric 

efficiency at that given engine speed was 30.2% which was determined with a 0.35 

thermal efficiency and a fuel/air ratio of 0.02. These volumetric efficiencies may seem 

low, but there are a couple of reasons why that may be. For one the power numbers used 

in the calculations were taken under partial throttle conditions, where the throttle was 

open to roughly 50% not wide open throttle conditions. In addition, referring to the 

literatiare survey in Chapter I, hydrogen displaces up to 30% of the aspirated air under 

stoichiometric conditions (27). Even with the supercharger supplying 3.2 psig of boost 

pressure it is not enough to significantly increase the volumetric efficiency. 
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4.4 Engine Emission Results and Discussion 

Although engine torque and power output did not meet expectations the emission 

results are promising. The vehicle won first place in the regulated tail pipe emissions 

event at the 2004 FutureTmck competition. The emission testing was done at Allen Park 

Test Lab which is Ford Motor Company's emission testing lab. The testing was 

performed by Argonne National Lab and Ford Motor Company employees. The 

emission testing was divided into two segments, a hot start test, and a cold start test. The 

emission testing was conducted using the Federal Test Procedure, or FTP. The standard 

Federal Test Procedure is a dynamometer test for conventional vehicles that consist of a 

UDDS cycle [40]. UDDS is the Urban Dynamometer Driving Schedule in which the 

vehicle has to follow (40). Each segment consisted of a city and highway driving cycle. 

A Ford Motor Company employee drove the vehicle through the cycles to ensure that the 

vehicle followed the driving schedule. One important note is that all of the emission data 

was collected under hybrid operating conditions. Even though the emission testing was 

performed as a hydrogen hybrid vehicle, the engine was working in parallel with the 

electric drive train so the engine was operating through out the entire test. The following 

tables show the hot start and cold start emission data. 

Table 4.1 Hydrogen Research Engine Hot Start Emission Data. 

NMOG 

0.046 

Hot Start 
Emissions 

CO (g/mi) 

0.088 

NOx 
(g/mi) 
0.141 
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Table 4.2 Hydrogen Research Engine Cold Start Emission Data. 

Cold Start Emissions 
NMHC 
(g/mi) 

0.049 

CO (g/mi) 

0.088 

NOx (g/mi) 

0.117 

The hot start data reflects the performance of exhaust after freatment because the test is 

conducted when the engine is at operating temperattire as well as exhaust components 

such as the catalytic converter. The exhaust system for the engine consisted of a standard 

catalytic converter and a glass pack muffler. Looking at the NMOG and CO data under 

the hot start conditions it is apparent that the engine was buming some lubricating oil. 

This is also very apparent looking at the NMHC cold start emissions. The buming of 

lubricating oil is primarily a result of blow by. The piston rings in the engine were 

abused during early attempts to develop fuel and spark maps for engine operation. In the 

process of developing these maps a great amount of backflash as well as some instances 

of pre-ignition occurred. The pre-ignition is especially abusive toward piston rings 

therefore causing the seal between the cylinder wall and the piston rings to be reduced. A 

break in period under light load and pre-ignition free operation would be ideal to help 

seat the piston rings for a better seal, but that requires having a completely tuned fuel and 

spark map which allows the engine to operate without any backflashing or pre-ignition. 

The cold start emission data can be compared to different emission certification 

levels. The cold start data is used to determine vehicle certification because in most cases 

a cold start emission test will yield higher emissions than a hot start. A cold start 
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emission test indicates engine emissions without exhaust after freatments completely 

fiinctional due to low operating temperattire. Argonne National Laboratory determined 

minimum emissions standards for a number of vehicle certifications. The certification 

levels along with their respected requirements under cold start conditions can be seen in 

Table 4.3. 

Table 4.3 Federal Test Procedure Certification Level Requirements (40). 

Bracket 
Number 

0 

5 
10 

15 
20 

30 

Certification 
Level 

Tier 0 

Tier 1 

LEV 
ILEV 

ULEV 

SULEV 

NMOG (g/mi) 

0.670 
0.320 

0.160 
0.160 
0.100 
0.050 

CO 
(g/mi) 

10.000 
4.400 

4.400 
4.400 

2.200 
1.000 

NOx 
(g/mi) 
1.700 
1.100 
0.700 
0.400 
0.400 
0.020 

A graph of emissions as fiinction of cold start bracket numbers can be seen in Figure 4.7 

on the following page. 
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Figure 4.7 Cold Start Emissions as Function of Cold Start Bracket Numbers (40). 

From Figure 4.7 it can be seen that the hydrogen engine is emitting low enough 

NMOG and CO emissions to meet the super ultra low emission vehicle (SULEV) 

certification. To meet the super ultra low emission vehicle (SULEV) certification the 

maximum NMOG emissions is 0.05 grams/mile. The hydrogen engine emitted slightly 

lower NMOG emissions at 0.049 grams/mile. The amount of CO emitted by the 

hydrogen engine was 0.088 grams/mile which is low enough for SULEV certification. 

The NOx level of 0.117 grams/mile is not low enough for SULEV certification, but is low 

enough for ULEV certification. Figures 4.8, 4.9, and 4.10 show a clearer comparison of 

the hydrogen engine emissions to certification levels. 
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Figure 4.8 Hydrogen Engine NMOG Emissions Compared to NMOG Certification 

Levels. 

From Figure 4.8 one can easily see the NMOG emissions emitted by the hydrogen 

engine meet and surpass ULEV certification requirements and just meet SULEV 

certification requirements. Figure 4.8 shows the comparison of NMOG emissions, the 

emissions data collected has NMOG emissions as a hot start emission not a cold start 

emission. The NMHC value of 0.049 grams/mile was used for the comparison because 

the emissions are higher than the hot start NMOG emissions. Figure 4.9 shows the 

comparison of CO emissions. 
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Figure 4.9 Hydrogen Engine CO Emissions Compared to CO Certification Levels. 

The CO emissions for the hot and cold start were the same at 0.088 grams/mile. 

The CO emissions emitted by the hydrogen engine meet and surpass the ULEV and 

SULEV levels. The low CO emission level was expected because the hydrogen gas is 

pure hydrogen gas and does not have any carbons attached to it. The small amounts CO 

emissions that are being emitted are caused from buming lubricating oil in the 

combustion chamber. The most significant emission concem is the NOx emissions. 

Figure 4.10 shows the NOx emission comparison. 
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Figure 4.10 Hydrogen Engine NOx Emissions Compared to NOx Certification Levels. 

Figure 4.10 shows that the hydrogen engine does not meet the SULEV 

certification level. The most significant reason for high NOx emissions is the engine 

operates under a lean bum. When the engine operates under lean conditions more 

oxygen is present in the combustion chamber which results in more oxidation of nittogen. 

The oxidation of atmospheric nitrogen is the primary source for NOx emissions [3]. 

Cylinder temperattires also have an affect on NOx emissions. Maximum cylinder 

temperattires occur when the engine operates at an equivalence ratio around 0.9. When 

the engine operates at stoichiometric or an equivalence ratio of 1.0 the cylinder 

temperattires begin to decrease. The cylinder temperattires also begin to decrease when 

equivalence ratios are leaner than 0.9. The hydrogen engine operates in a range of 
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equivalence ratios of 0.5 to 0.7. When the equivalence ratio is increased from 0.5 to 0.7 

the cylinder temperatures increase and therefore will yield higher NOx concentrations. If 

the engine could operate at stoichiomettic conditions then the cylinder temperatures 

would decrease as well as NOx emissions. From the literature survey. Figure 1.11 shows 

hydrogen engines produce a large amount of NOx emissions over a range of equivalence 

ratios 0.5 to 0.9. Operating the hydrogen engine at stoichiometric conditions would be 

ideal because there is a greater potential for making more power while still emitting low 

NOx emissions. The engine must operate under a lean condition or else the risk of pre-

ignition becomes imavoidable. In order to reduce the formation of NOx and pre-ignition 

the combustion chamber must be cooled. An effort to cool the combustion chamber via a 

water injection system was implemented and operational during the emission testing. 

The water injection specifications and results will be discussed in the next section. 

Ignition timing can also be modified to help reduce the formation of NOx. When the 

engine is operating at speeds of 2000, 2500, and 3600 RPM the ignition timing for those 

speeds are 4.5, 5.5, and 8.5 degrees before top dead center. If the ignition was retarded 

instead of advanced this would decrease the peak cylinder pressure which would then 

reduce the peak cylinder temperature and reduce the formation NOx. However, the 

ignition timing needs to be advanced to give the engine the most opportunity to produce 

torque and power at lower engine speeds. 
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4.5 Water Injection Results and Discussion 

The idea behind a water injection system was to cool the combustion chamber by 

means of cooling the incoming air charge. Cooling the combustion chamber will provide 

the opportunity to increase air/fuel ratio toward stoichiometric conditions. The ability to 

operate at stoichiometric conditions will allow more power to be made and reduce NOx 

emissions. 

To cool the incoming air charge small water nozzles were used to mist water into 

the intake plenum just after the throttle body. Arizona Mist water nozzles were chosen 

because they provided excellent atomization of the water. Before the nozzles were 

installed in the intake plenum the nozzles under went some experimentation to determine 

the flow rate versus pressure. The results can be seen in Figure 4.11. 
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Figure 4.11 Water Nozzle Flow Rate as a Function of Pressure. 

After evaluating the water nozzle flow data and the geometry of the intake 

plenum it was determined that three nozzles could be implemented. After determining 

that a maximum of three nozzles could be installed in the intake plenum an operating 

pressure of 65 psig was chosen. The operating pressure of 65 psig was chosen because 

the correlating flow rate to that pressure is roughly half of the upper and lower flow rate 

limits. At 65 psig each water nozzle is capable of producing 0.883 gallons per hour 

(gph). Engine testing with three nozzles operating at 65 psig proved to be too much 

water as the engine began to act very sluggish and tend to be bogged down. To resolve 

the issue it was determined to reduce the pressure to half of the 65 psig. With the 

pressure turned down to half there was still too much water being added to the air charge 
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and therefore one of the nozzles was disabled. Using two water nozzles at 32 psig 

allowed equivalence ratios as high as 0.7 to be achieved. The MoTec M4 engine 

management system has the capabilities to control the water injection system. The 

MoTec was able to store a water map that uses engine speed and load to determine when 

to turn the water injection system on. Figure 4.12 shows the effect the water injection 

had on the compressed air charge. 
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Figure 4.12 Air Temperature and Manifold Pressure as a Function of Engine Speed. 

From the figure the air temperature before the throttle reaches a maximum of 

46°C at maximum boost. Before the implementation of the water injection system air 

temperatures before the throttle would reach as high as 55°C. The vaporization of the 

water inside the combustion chamber did consume some energy, but the expansion of the 

steam may have increased the work on the piston. 

4.6 Conclusion 

The hydrogen research engine under partial throttle conditions made a brake 

torque at the rear wheels of 36.4 Ibrft at an engine speed of 3561 RPM. The engine also 

achieved 23.8 brake horsepower at the rear wheels of at an engine speed of 3561 RPM. 
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The brake torque and brake horsepower occurred at manifold pressure of 3.2 psig 

supplied from the supercharger. For the three cases determining volumetric efficiency 

the highest efficiency achieved was 41.0% at an engine speed of 3324 RPM with a 

thermal efficiency of 0.35 and an actual fuel/air ratio of 0.0147. The lowest volumetric 

efficiency for that engine speed was 30.2% with a thermal efficiency of 0.35 and an 

actual fuel/air ratio of 0.02. All of the measured torque and power outputs are not 

corrected to standard conditions. 

The results of the emissions testing provide motivation to develop more torque 

and power output. The hydrogen engine emitted low enough emissions to qualify as an 

ultra low emissions vehicle (ULEV). The NOx emissions are the only emission category 

that did not meet the super ultra low emissions vehicle (SULEV) certification. Reducing 

blow by and operating at stoichiometric conditions will allow the NOx levels to meet the 

SULEV certification requirements. 
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CHAPTER V 

CONCLUSIONS AND FUTURE RESEARCH EFFORTS 

5.1 Introduction 

As discussed in the previous chapters a hydrogen intemal combustion spark 

Ignition engine was designed, buih, and implemented into a hybrid electric sport utility 

vehicle. Performance test were conducted to determine power, torque, and engine 

emissions. 

5.2 Conclusions 

After performance testing the hydrogen engine proved to be lacking in torque and 

power output. At partial throttle operation the engine produced 36.4 Ibf- ft of torque at 

the rear wheels at an engine speed of 3561 RPM. The power output under partial throttle 

operation was 23.8 hp at an engine speed of 3561 RPM. 

The result of the emissions testing provides motivation to improve torque and 

power output. The hydrogen engine emissions are low enough to meet ULEV 

certification. The hydrogen engine did meet SULEV certification levels in two of the 

three emission categories. Under cold start conditions the hydrogen engine emitted 0.049 

g/mi of NMOG, 0.088 g/mi of CO, and 0.117 g/mi of NOx. 
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5.3 Futtire Research Efforts 

The engine proved to be underpowered therefore it would be advantageous to use 

an engine with more displacement. Adding more displacement by means of more 

cylinders will increase the opportunity to achieve greater torque and power output. In 

addition to more cylinders extra displacement from a larger crankshaft will provide the 

potential to create more torque at lower engine speeds. A custom camshaft that allows 

more torque and power to be produced at engine speeds of 2500 to 3000 RPM will be 

beneficial. Replacing the centrifugal supercharger with a screw type will help increase 

volumetric efficiency. A larger supercharger will also help supply higher air pressure and 

displace more air. A custom intake manifold with longer mnners will help to improve 

torque output. 

Cooling of the combustion chamber using the water injection system helped to 

achieve higher equivalence ratios. A water injection system using ethanol instead of 

water may help even more. Ethanol will absorb combustion chamber heat more 

effectively than water and will also add energy to the system. 

Before this research was conducted an engine simulation program that had the 

capabilities of analyzing hydrogen as a fiiel was not available. The mechanical 

engineering department at Texas Tech University now has access to WAVE. WAVE is 

an engine modeling and simulation program that does have the capabilities of analyzing 

hydrogen as a fuel. The futtire research efforts described above can be modeled and 

simulated using WAVE which will save time and money. The WAVE software will 

provide a better justification for component selection and design. 
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