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ABSTRACT
Of the various pathways to the hydrogen economy, the conversion of internal combustion engines to burn hydrogen is one nearer term solution. While hydrogen engine conversions have been around for a long time, initially these utilized port injection. This approach results in fuel injected prior to or just after the intake valve has opened. Injection of gaseous fuels through the intake port(s) leads to a variety of complications including a reduction of power output due to drastic measures needed to control emissions levels and lowered volumetric efficiencies. The item of interest for this paper is improvement over traditional means of controlling emissions. Traditional means of controlling emissions is to run the engine at an equivalence ratio less than one and typically recirculation of the exhaust gasses. The motivation for this lean operation is typically an improvement of emissions output by controlling one of the determining factors involved in the production of NOx. An obvious result of an equivalence ratio much greater than one is an appreciable reduction in power output as compared to stoichiometric operation. This reduction in power output is especially pronounced in smaller displacement engines with relatively low power output. In these instances this reduction in power may make conversion to hydrogen fuel impractical. In-cylinder injection of an internal combustion engine provides a reliable method for delivering gaseous hydrogen fuel whereby power output, volumetric efficiency, and emissions levels are improved over port injection. Modifying an engine to operate on hydrogen, by means of direct injection, implies that the fuel delivery system be capable of delivering fuel directly into the combustion chamber regardless of crank and valve positions. In this paper it is shown that when the fueling and ignition systems are properly tuned, traditional methods of lowering emissions, that is to say running an engine at equivalence ratios greater than one or implementing exhaust gas recirculation, are not an effective solution to lowering emissions while maintaining the highest possible power output. Reported here is the work with the development and testing of an in-cylinder injection system. Effects on power output and emissions are included.
	Nomenclature

	BSFC
	Brake Specific Fuel Consumption

	CR
	Compression Ratio

	CTS
	Coolant Temperature Sensor

	EGT
	Exhaust Gas Temperature

	k
	Ratio of Specific Heat

	LHV
	Lower Heating Value

	MAP
	Manifold Absolute Pressure

	PRV
	Pressure Relief Valve

	Phi (φ)
	Equivalence Ratio: φ< 1 is lean, φ> 1 is rich, φ=1 is stoichiometric

	T
	Final Temperature

	To
	Initial Temperature

	TDC
	Top Dead Center (position at which the piston is closest to the cylinder head on the compression stroke)

	TPS
	Throttle Position Sensor

	WOT
	Wide Open Throttle


1.0 INTRODUCTION

The production of emissions via internal combustion engine is greatly influenced by the burn efficiency and the temperature at which the fuel burns.  Traditional conversions from gasoline to hydrogen fueled engine utilizes existing fuel delivery systems (e.g. port injection) whereby performance and emissions are controlled with lean air/ fuel mixtures and exhaust gas recirculation.  These methods work extremely well to lower emissions levels, however, at the loss of performance.  Another method to limit the production of emissions is to control the burn rate thus limiting the cylinder temperature and explosive pressure increases which lead to the production of NOx.  Direct in-cylinder injection allows fuel to be metered directly to the combustion chamber regardless of engine process thus allowing multiple fuel deliveries as so to directly control the burn rate.  Control of emissions without dramatically leaning the air to fuel ratio would result in a higher performance by operating the engine at a near stoichiometric condition.

Conversion of an internal combustion engine to operate on gaseous hydrogen involves various disciplines including closed loop programming, basic engine design and theory and a fundamental understanding of combustion products.  Discussed is the complete conversion and testing of a single cylinder internal combustion engine to operate on gaseous hydrogen fuel by means of port and direct in-cylinder injection with emphasis on direct injection.

2.0 Experimental

	Table 1:  Engine specifications

	Platform
	Fuji 4-stroke, single cylinder

	Engine Displacement
	425cc

	Bore & Stroke (mm)
	87.9 x 70

	Compression Ratio
	9.2:1

	Intake Valve
	Open
	310 ATDC

	
	Close
	620 ATDC

	Exhaust Valve 
	Open
	109 ATDC

	
	Close
	409 ATDC


The engine used in the experiment is a four-stroke, normally aspirated, single-cylinder engine as described in Table 1. Hydrogen gas is metered to the engine via use of a high pressure solenoid (Peter Paul electronics Co., Inc.) and a custom designed pressure differential operated poppet check valve for operation as direct injection.  Hydrogen mass flow rates were precisely measured by a coriolis meter (Micro Motions, Elite Model CMF010) and volumetric air flows were measured via hot wire instrumentation Serria Instruments.  To verify the AFR, a wideband O2 sensor (AEM) was installed 18” from the exhaust port.  Performance evaluation was conducted with Land & Sea’s, engine dynamometer utilizing DYNOmite data acquisition for power levels.  Emissions were analyzed with an ECOM, 4 gas analyzer, factory calibrated for use with hydrogen gas.
Original configuration for spark control is a dual spark ignition occurring 20 BTDC (end of compression stroke) and at 340 ATDC (end of exhaust stroke).  As this presents unique difficulties specific to direct injection, a crankshaft position and camshaft position sensors were installed.  These sensors provide an accurate description of the engine cycles and therefore provided a reliable means to accurately deliver correct timing of the spark and fuel injection.  Discussed in the ‘Computer Control’ section are specific timing issues related to direct injection of hydrogen gas.
As suitable clearances needed for typical direct injection designs is unavailable for this particular motor, a non-traditional approach was used to inject hydrogen directly into the combustion chamber.  Hydrogen gas is injected directly into the combustion chamber via 0.070” hole milled through the deck of the head, directed between the intake and exhaust valve as depicted in Figure 1.  To protect the fuel solenoid, a custom designed pressure differential check valve was installed at the port milled through the deck.  Design of the check valve took into consideration various effects specific to use of high pressure hydrogen gas (e.g. hydrogen embrittlement, high moisture content, wide temperature fluctuations, and extreme pressure differentials on the magnitude of 1000 PSI).  An in-depth look into the design and testing of the check valve is found in the ‘Check Valve’ section.
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	Figure 1:  Combustion chamber geometry and injection arrangement


Initial testing began with port injection of hydrogen to establish a baseline test with hydrogen.  This allowed a standard to be defined for emissions levels while maintaining adequate power levels. Power levels, volumetric and fuel burn efficiencies were then taken at this optimized state for comparison in future tests with direct injection.
One model which simplifies several process of an internal combustion engine is to treat the compression stroke (up to the point of ignition), as well as the power stroke (beginning after completion of the burn) as a polytropic process.  Equation 1 represents a polytropic process where CR is the effective compression ratio and k is the ratio of specific heats.  The effective compression ratio is determined at the point at which the intake valve closes for the compression stroke or the point at which the burn is complete for the power stroke.  
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Assuming a polytropic process allows for a prediction of pressure and temperature.  The following table represents two typical alternative fuels with the corresponding auto-ignition temperature and maximum temperature of combustion chamber prior to the compression stroke.

	Table 2:  Combustion chamber temperature due to polytropic compression

	Fuel
	k of mix
	Auto-Ignition Temp (deg F)
	Max temp prior to compression (deg F)

	H2 (Port)
	1.41
	1050
	148

	H2 (Direct)
	1.40
	1050
	161

	CNG (Port)
	1.16
	1040
	582


This information is significant in understanding the limitations of the AFR.  If an engine is operating at a slightly lean condition the exhaust gasses may dramatically increase in temperature and subsequently the surrounding portions of the cylinder head will also increase.  This scenario would result in an increase in the average combustion chamber temperature thus promoting pre-ignition.  Secondly if the coolant system is incapable of withdrawing sufficient excess heat from the combustion chamber prior to the compression stroke the compression of the air alone could result in a cylinder temperature high enough to promote spontaneous ignition of the hydrogen gas as it is injected into the cylinder.

2.1 Check Valve

Design and testing of the check valve was to ensure adequate protection from the harmful effects presented by high pressure hydrogen gas such as hydrogen embrittlement, corrosion due to high moisture content as well as the extreme conditions of the combustion chamber such as temperature and pressure.  To slow down the process of hydrogen embrittlement and eliminate possibility of moisture damage, 303 stainless steel and bronze alloys were used in the construction of the check valve.  Figure 2 depicts the section view of the check valve.  All components were made of stainless steel with the exception of the seat which was made of the bronze alloy.
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	Figure 2:  Section view of check valve


2.2 Computer Control

The computer control receives inputs from the crankshaft and camshaft position sensors, CTS, EGT, MAP, TPS and O2 sensor.  Both the crank and camshaft utilize a dual differential Hall-effect sensor to detect the position to within 10 degrees of crank angle and 180 degrees of camshaft angle.  The crank angle is interpolated to within a fraction of a degree whereas the camshaft position sensor is used to establish TDC on the compression stroke.  Once timing is established, all timed events such as spark and injector pulse and data records are synchronized with the crankshaft.  The typical timed events for the injection and spark used with direct injection is listed in Table 3.
	Table 3:  Computer controlled timing events

	Injection
	640 ATDC

	Spark Timing
	Startup
	20 ATDC

	
	Idle
	22 BTDC

	
	MAP = 20 inHg 
	5 BTDC

	
	MAP = 30 inHg
	4 ATDC


The manifold pressure is a good representation the amount of air needed at a given engine speed and engine load.  That is to say that for a given engine speed alone there exist infinite possibilities in manifold pressure, however, a finite number of possibilities for the manifold pressure exist for a specified speed and load.  For this reason, the manifold and engine speed were used exclusively to determine the amount of fuel delivered.  There are two reasons for which the fuel delivery can deviate from the specified amount corresponding to a manifold pressure and engine speed:  1) exhaust temperature has exceed safe operating limits in which case fuel is either added to cool down the cylinder or fuel is completely cut off thus causing the shut down of the cylinder and 2) the O2 sensor is placed in a feedback loop and has determined that more or less fuel is needed to maintain a specified AFR.
3.0 Results

Two method of fueling were tested to verify power output at a predetermined emissions level.  Emissions levels were established with port injection operating at an AFR no greater than 75:1 as beyond this point depreciated the power levels beyond a reasonable level needed to properly operate the vehicle which utilized this particular engine.  While it is clearly understood that emissions are improved through leaning the fuel mixture or with the use of an EGR system; it was, however necessary to determine if direct injection could maintain said emissions standards with an increase in power output.
3.1 Performance

Table 4 represents the break specific fuel consumption which is a direct correlation to the efficiency of the burn.  For both the port injection and direct injection system, similar results were achieved thus lending to the postulate that both methods of fuel delivery could maintain similar emissions and fuel burn efficiencies.  The formula used to calculate the burn efficiencies can be found in equation 2.
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	Table 4:  BSFC and corresponding fuel burn efficiencies at WOT

	RPM
	BSFC
	Burn Efficiencies

	Idle
	0.12
	41.24%

	2000
	0.18
	27.65%

	2500
	0.20
	24.53%

	3000
	0.19
	25.48%

	3500
	0.23
	21.52%

	4000
	0.22
	22.49%


Fueling via port injection requires the addition of fuel along with the air through the intake valve.  Thus it is conceivable that the volumetric efficiency of direct injection is appreciably higher than that of port injection.  A simplified model to represent the volumetric efficiency can be found using equation 3 and 4.
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	Graph 1:  Power output comparison of port injection and direct injection


To clearly represent the effects of a loss in volumetric efficiency, power curves were generated for both port and direct injection.  Graph 1 depicts both types of fuel systems operating over the entire RPM range at stoichiometric and WOT.  Evident by inspection is that as volumetric efficiency decreases, so too does the achievable power level.  This is due to the simple principal that fuel is required to make power.  If both systems are to operate at the same AFR, then an increase in volumetric efficiency would result in additional oxygen and similarly additional amounts of fuel to be burned. 
3.2 Emissions

The emissions associated with the burning of hydrogen gas are in theory heat and water.  Although it is clearly understood that the production of nitrogen monoxide and nitrogen dioxide is possible is certain conditions are met.  Provided the formation energy is high enough a nitrogen molecule can be taken from the air and forced to bond the oxygen, emissions in the form of NOx can be formed.  The following graphs depict emissions, exhaust gas temperature and the corresponding power level at varying manifold pressures.
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	Graph 2:  Emissions for direct injection of hydrogen at MAP = 16 to 18 inHg


As demonstrated in Graph 2 the production of NOx is proportional with the EGT.  This trend is also clearly demonstrated in all subsequent graphs depicting emissions and EGTs.  
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	Graph 3:   Emissions for direct injection of hydrogen at MAP = 20 to 24 inHg
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	Graph 4: Emissions for direct injection of hydrogen at WOT


Graph 5 summarizes typical volumetric and fuel efficiencies at the corresponding equivalence ratios.  In general, lower RPM’s, such as at idle, utilized a lean burn to help with emissions levels whereas at a higher RPM and loading condition, spark fuel pulse controls were utilized to control emissions levels.
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	Graph 5:  Fuel and volumetric efficiencies for hydrogen at WOT


4.0 Conclusion

Demonstrated is a feasible method to convert a normally aspirated motor to operate on gaseous hydrogen fuel via direct in-cylinder injection.  Emissions levels have been shown to be controlled a number of ways including use of EGR systems, lean burn conditions and controlled fuel burn rates.  Further, it has been shown that utilization of direct injection can increase power output levels over port injection while maintaining equivalent emissions.
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