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Abstract 
The performance characteristics of a diesel fuel piloted syngas compression ignition engine are 

presented in this thesis. A stock Hatz 1D81 engine was converted to operate in dual fuel mode through 

the elimination of the governor system and addition of an in-cylinder pressure transducer and custom 

intake system to facilitate the mixing of the gaseous fuel and combustion air. The engine was run on a 

Superflow water brake dynamometer and benchmarked with diesel to compare against manufacturer 

specifications. This was followed by dual fuel operation on methane and syngas, with the results being 

compared through performance characteristics. 

When operated on methane, the engine attained higher peak in-cylinder pressures along with higher 

torque, power, and thermal efficiency values for equal equivalence ratios.  It was necessary to use 

greater amounts of syngas to reach comparable results with methane due to the lower energy content 

of syngas. The ignition delay was greater for syngas, and the onset of knock occurred earlier with syngas 

in comparison to methane. The heat release, Q, was comparable for both fuels and the exhaust gas 

emissions were significantly lower for operation with syngas.  

With emphasis on clean engine operation, syngas operation proved to be viable due to its renewable 

nature, significantly lower exhaust gas emissions, equal heat release characteristics, and larger useable 

operating range when compared to methane.  

 

 

 



 

 

iii 

 

Acknowledgements 
I would like to thank Dr. Ciccarelli for giving me the opportunity to perform the research outlined in this 

thesis and for his help and expertise over the last three years. Next I would like to thank my fellow 

members in the Combustion Lab, both past and present. For past members, I would like to thank Kyle 

Fraser and Craig Johansen for being patient with me and teaching me how to use CFD. For present 

members, I must thank Mark Kellenberger, Peter Diakow and Thomas Pinos for their friendship and 

research assistance provided during the last leg of my master’s. If it weren’t for the assistance of the 

McLaughlin Hall Machine Shop I would have never finished this project. I will never forget the 

knowledge and patience exhibited by Andy Bryson, Corey Fowler, Derek Hodgson, and Paul Moreland 

during my many machining exploits. I also need to thank Onno Oosten for always having what I need to 

either get my experiment working. Finally I would like to thank my mom (Kathy) and my dad (John), as 

well as my three dogs Magnus, Mazee and Bella.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

iv 

 

Table of Contents 
Performance Characteristics of a Diesel Fuel Piloted Syngas Compression Ignition Engine ......................... i 

Abstract ......................................................................................................................................................... ii 

Acknowledgements ...................................................................................................................................... iii 

Table of Contents ......................................................................................................................................... iv 

List of Tables ................................................................................................................................................ vi 

List of Figures .............................................................................................................................................. vii 

Nomenclature .............................................................................................................................................. xi 

Chapter 1 Introduction ................................................................................................................................. 1 

1.1 Engine Basics ....................................................................................................................................... 2 

1.2 Engine Performance Parameters ........................................................................................................ 4 

1.3 The Alternative Fuel Engine .............................................................................................................. 15 

1.3.1 Spark Ignition Alternative Fuel Engine ....................................................................................... 17 

1.3.2 Compression Ignition Alternative Fuel Engine ........................................................................... 22 

1.4 Previous work on Dual-Fuel Engines ................................................................................................. 23 

1.4.1 Hydrogen .................................................................................................................................... 24 

1.4.2 Natural Gas ................................................................................................................................ 29 

1.4.3 Syngas ........................................................................................................................................ 33 

1.5 Objectives.......................................................................................................................................... 34 

Chapter 2 Experimental Apparatus ............................................................................................................. 35 

2.1 Engine ................................................................................................................................................ 35 

2.1.1 Intake System ................................................................................................................................. 36 

2.1.2 Exhaust System .............................................................................................................................. 40 

2.1.3 Fuel System .................................................................................................................................... 41 

2.2 Measurement Systems ..................................................................................................................... 46 

2.2.1 Dynamometer ................................................................................................................................ 47 

2.2.2 Emissions Testing System .............................................................................................................. 50 

2.2.3 Data Acquisition System ................................................................................................................ 51 

2.3 Operating Conditions ........................................................................................................................ 52 

Chapter 3 Results and Discussion ............................................................................................................... 55 

3.1 Operating Engine with Methane as Primary Fuel ............................................................................. 57 

3.1.1 Brake Output Values .................................................................................................................. 57 



 

 

v 

 

3.1.2 In-Cylinder Pressure and Rate of Heat Release Values .............................................................. 64 

Effect of Methane ER for High Diesel Pilot Quantities ........................................................................ 65 

Effect of Methane ER for Low Diesel Pilot Quantities ........................................................................ 67 

Effect of Diesel Flow Rate for Methane-Air ER of 0.45 ....................................................................... 68 

3.2 Comparison of Syngas versus Methane as Primary Fuel .................................................................. 73 

3.1.1 Brake Output Values .................................................................................................................. 74 

3.2.2 In-Cylinder Pressure and Rate of Heat Release Values .............................................................. 79 

Effect of Syngas ER for High Diesel Pilot Quantity .............................................................................. 79 

Effect of Syngas ER for Low Diesel Pilot Quantity ............................................................................... 81 

Effect of Diesel Flow Rate for Syngas-Air ER of 0.69 ........................................................................... 82 

Chapter 4 Operating Characteristics ........................................................................................................... 87 

4.1 Engine Knock Limits .......................................................................................................................... 87 

4.2 Combustion Gas Analysis .................................................................................................................. 90 

Chapter 5 Conclusions and Recommendations .......................................................................................... 94 

References .................................................................................................................................................. 98 

Appendices ................................................................................................................................................ 101 

Appendix A: Sample Calculations .............................................................................................................. 101 

Appendix B: Pressure Sensor Drift Analysis .............................................................................................. 112 

B.1: Intake Pressure Trends .............................................................................................................. 113 

B.2: In-Cylinder Pressure Trends ....................................................................................................... 114 

B.3: Corrections Due to Signal Drift .................................................................................................. 115 

Appendix C: Additional Engine Performance Plots ................................................................................... 118 

C.1: Methane ROHR Plots for 95% Diesel Pilot ................................................................................. 118 

C.2: Methane ROHR Plots for 5% Diesel Pilot ................................................................................... 121 

C.3: Syngas ROHR Plots for 95% Diesel Pilot ..................................................................................... 125 

C.4: Syngas ROHR Plots for 5% Diesel Pilot ....................................................................................... 128 

C.5: Engine Performance Graphs for Diesel and Methane ............................................................... 133 

C.6: Engine Performance Graphs Comparing Methane and syngas ................................................. 136 

Appendix D: Uncertainty Estimation......................................................................................................... 141 

 

 



 

 

vi 

 

List of Tables 
Table 2.1: Specifications of Hatz 1D81 Engine ............................................................................................ 36 

Table 2.2: Gasses and concentration ranges measured by Cubic Gasboard 3100P ................................... 51 

Table 3.1: Measured output values from engine operation on methane .................................................. 58 

Table 3.2: Measured output values from engine operation on syngas ...................................................... 74 

Table 4.1: Variation in combustion gasses for methane and syngas at stoichiometric conditions ............ 93 

Table A.1: Calculation of flammable limits of syngas ............................................................................... 110 

Table D.1: Estimation of uncertainty for experimental values and calculated results ............................. 143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vii 

 

List of Figures 
Figure 1.1: The typical four stroke engine cycle [4] ...................................................................................... 3 

Figure 1.2: Schematic of operating principles of water brake dynamometer [5]. ....................................... 5 

Figure 1.3: Example of in-cylinder pressure trace and ROHR diagram [6] ................................................... 7 

Figure 1.4: Plot of log P vs. log V showing slope of compression stroke along with four strokes of the Otto 

cycle .............................................................................................................................................................. 9 

Figure 1.5: Theoretical motored cylinder pressure curves for different values of k .................................. 10 

Figure 1.6: ROHR plot showing key events in combustion process ............................................................ 11 

Figure 1.7: Pressure vs. volume plot showing three regions ...................................................................... 12 

Figure 1.8: Variation of brake thermal efficiency for hydrogen and CNG at 2000RPM [13] ...................... 19 

Figure 1.9: Variation of brake specific fuel consumption for hydrogen and CNG at 2000RPM [13] .......... 20 

Figure 1.10: Variation of brake thermal efficiency for hydrogen and CNG at 2600RPM [13] .................... 21 

Figure 1.11: Variation of brake specific fuel consumption for hydrogen and CNG at 2600RPM [13] ........ 22 

Figure 1.12: Effect of hydrogen injection on performance and emissions of compression ignition engine 

[17] .............................................................................................................................................................. 25 

Figure 1.13: Variation of brake thermal efficiency with brake load and hydrogen concentration [18] ..... 27 

Figure 1.14: Variation of specific energy consumption with brake load and hydrogen concentration [18]

 .................................................................................................................................................................... 27 

Figure 1.15: Variation of NOx emissions with brake load and hydrogen concentration [18] ..................... 28 

Figure 1.16: Variation of particulate emissions with brake load and hydrogen concentration [18] .......... 28 

Figure 1.17: Comparisons of in-cylinder pressures for different equivalence ratios [19] .......................... 29 

Figure 1.18: Comparison of maximum in-cylinder pressures for two different pilot fuel amounts [19] ... 30 

Figure 1.19: Comparison of energy release from combustion for two different equivalence ratios [19] . 31 

Figure 1.20: Carbon monoxide concentrations in exhaust gasses for methane operation [19] ................ 32 

Figure 2.1: Experimental apparatus showing Hatz 1D81 engine and associated systems ......................... 35 

Figure 2.2: Custom fabricated intake system ............................................................................................. 37 

Figure 2.3: Air buffer system affixed to engine .......................................................................................... 39 

Figure 2.4: Intake pressure with relation to crank angle at 2000RPM ....................................................... 40 

Figure 2.5: Combustion bowl located on dome of piston .......................................................................... 43 

Figure 2.6: Cylinder head showing fuel injector location ........................................................................... 44 

Figure 2.7: Custom bracket to allow fuel injection control ........................................................................ 45 

Figure 2.8: Modified fuel governing system ............................................................................................... 46 

Figure 2.9: Superflow SF-901 Dynamometer .............................................................................................. 47 

Figure 2.10: Driveshaft apparatus used to connect engine to dynamometer............................................ 50 

Figure 2.11: Data acquisition system .......................................................................................................... 52 

Figure 3.1: Torque and power curves for engine operating on diesel fuel ................................................ 55 

Figure 3.2: Diesel fuel volumetric flow rate with regard to throttle position ............................................ 56 

Figure 3.3: Variation of brake torque at different fuel injection settings for different methane 

equivalence ratios ....................................................................................................................................... 59 

Figure 3.4: Variation of brake power at different fuel injection settings for different methane 

equivalence ratios ....................................................................................................................................... 60 



 

 

viii 

 

Figure 3.5: Variation of Q at different fuel injection settings for different methane equivalence ratios .. 61 

Figure 3.6: Variation of brake thermal efficiency at different fuel injection rates for different methane 

equivalence ratios ....................................................................................................................................... 62 

Figure 3.7: Brake specific fuel consumption for each fuel injection rate at each methane injection ratio 63 

Figure 3.8: BMEP for varying diesel pilot and methane concentrations .................................................... 64 

Figure 3.9: In-cylinder pressure traces for 95% diesel pilot and varying methane concentrations for ER 0 

through 0.78 ............................................................................................................................................... 65 

Figure 3.10: In-cylinder pressure traces for 5% diesel pilot and varying methane concentrations for ER 

0.45 through 1.70........................................................................................................................................ 68 

Figure 3.11: In-cylinder pressure traces for constant methane equivalence ratio of 0.45 and varying 

diesel pilot fuel amounts ............................................................................................................................ 69 

Figure 3.12: Indicated work for varying diesel pilot and methane concentrations .................................... 70 

Figure 3.13: ROHR diagram for 95% diesel pilot and methane equivalence ratio of 0.45 ......................... 71 

Figure 3.14: Ignition delay for 95% and 5% diesel pilot amounts with respect to ER ................................ 72 

Figure 3.15: Heat release for 95% and 5% diesel pilot and varying methane equivalence ratios .............. 72 

Figure 3.16: Indicated thermal efficiency for variations in diesel pilot and methane concentration ........ 73 

Figure 3.17: Variation of torque at different fuel injection settings for different injection rates .............. 75 

Figure 3.18: Variation of brake torque at different fuel injection settings for different equivalence ratios

 .................................................................................................................................................................... 76 

Figure 3.19: Variation of brake power at different fuel injection settings for different ER ....................... 77 

Figure 3.20: Variation of Q at different fuel injection settings for different ER ......................................... 78 

Figure 3.21: Variation of thermal efficiency at different fuel injection rates for different ER ................... 79 

Figure 3.22: In-cylinder pressure traces for 95% diesel pilot and varying syngas concentrations of ER 0 

through 0.69 ............................................................................................................................................... 81 

Figure 3.23: In-cylinder pressure traces for 5% diesel pilot and varying syngas concentrations of ER 0.12 

through 1.59 ............................................................................................................................................... 82 

Figure 3.24: In-cylinder pressure traces for constant syngas equivalence ratio of 0.69 and varying diesel 

pilot amounts .............................................................................................................................................. 83 

Figure 3.25: Indicated work for varying diesel pilot, methane and syngas concentrations ....................... 84 

Figure 3.26: Ignition delay for 95% and 5% diesel pilot amounts with respect to equivalence ratio ........ 85 

Figure 3.27: Variation of indicated thermal efficiency for varying pilot fuel amounts and equivalence 

ratios for syngas and methane ................................................................................................................... 86 

Figure 4.1: In-cylinder pressure traces showing progression of knock for methane ................................. 88 

Figure 4.2: In-cylinder pressure traces showing progression of knock for syngas ..................................... 89 

Figure 4.3: Comparison of in-cylinder pressure with varying equivalence ratio for methane and syngas 

operation. Knock regions for syngas and methane are identified .............................................................. 90 

Figure 4.4: Combustion emissions, 5% pilot fuel, methane ....................................................................... 92 

Figure 4.5: Combustion emissions, 5% pilot fuel, syngas ........................................................................... 93 

Figure A.1: Scatter plot showing correlation between 25 pressure traces used to create average trace 102 

Figure A.2: Average pressure trace for 95% diesel pilot and methane equivalence ratio of 0.45 ........... 103 

Figure A.3: Plot of log P vs. log V for 95% diesel pilot fuel and methane equivalence ratio of 0.45 ........ 104 

Figure A.4: ROHR diagram for 95% diesel pilot and methane equivalence ratio of 0.45 ......................... 106 



 

 

ix 

 

Figure A.5: Pressure vs. volume plot for 95% diesel pilot and methane equivalence ratio of 0.45 ......... 107 

Figure A.6: Flammable limits for hydrogen, carbon monoxide, methane, with nitrogen, carbon dioxide, 

and water vapour [7]. ............................................................................................................................... 111 

Figure B.1: Intake pressure trace for diesel, methane and syngas operation .......................................... 113 

Figure B.2: In-cylinder pressure measurements for protected and unprotected transducer configurations

 .................................................................................................................................................................. 114 

Figure B.3: In-cylinder pressure measurements for protected and unprotected transducer configurations 

showing pressure signal correction for signal drift ................................................................................... 116 

Figure C.1: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0, methane ................................... 118 

Figure C.2: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.3, methane ................................ 119 

Figure C.3: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.45, methane .............................. 119 

Figure C.4: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.62, methane .............................. 120 

Figure C.5: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.78, methane .............................. 120 

Figure C.6: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.45, methane ................................ 121 

Figure C.7: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.53, methane ................................ 122 

Figure C.8: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.78, methane ................................ 122 

Figure C.9: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.97, methane ................................ 123 

Figure C.10: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.15, methane .............................. 123 

Figure C.11: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.34, methane .............................. 124 

Figure C.12: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.54, methane .............................. 124 

Figure C.13: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.70, methane .............................. 125 

Figure C.14: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.12, syngas ................................ 126 

Figure C.15: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.27, syngas ................................ 126 

Figure C.16: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.45, syngas ................................ 127 

Figure C.17: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.56, syngas ................................ 127 

Figure C.18: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.69, syngas ................................ 128 

Figure C.19: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.12, syngas .................................. 129 

Figure C.20: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.27, syngas .................................. 129 

Figure C.21: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.45, syngas .................................. 130 

Figure C.22: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.69, syngas .................................. 130 

Figure C.23: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.83, syngas .................................. 131 

Figure C.24: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.91, syngas .................................. 131 

Figure C.25: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.98, syngas .................................. 132 

Figure C.26: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.27, syngas .................................. 132 

Figure C.27: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.59, syngas .................................. 133 

Figure C.28: Engine torque data provided by manufacturer, note that after break in values are 5% higher 

[22] ............................................................................................................................................................ 133 

Figure C.29: Variation of torque at different fuel injection settings for different methane injection rates

 .................................................................................................................................................................. 134 

Figure C.30: Power density for 95% and 5% diesel pilot amounts and varying methane equivalence ratios

 .................................................................................................................................................................. 134 

Figure C.31: Mechanical efficiency with relation to diesel pilot fuel and methane concentration ......... 135 



 

 

x 

 

Figure C.32: Indicated torque for varying diesel and methane equivalence ratios .................................. 135 

Figure C.33: Indicated power for varying diesel and methane equivalence ratios .................................. 136 

Figure C.34: IMEP for varying diesel pilot and methane concentrations ................................................. 136 

Figure C.35: Variation of power density for varying pilot fuel amounts and equivalence ratios for syngas 

and methane ............................................................................................................................................. 137 

Figure C.36: Variation of mechanical efficiency for varying pilot fuel amounts and equivalence ratios for 

syngas and methane ................................................................................................................................. 137 

Figure C.37: Variation of indicated torque for varying pilot fuel amounts and equivalence ratios for 

syngas and methane ................................................................................................................................. 138 

Figure C.38: Variation of indicated power for varying pilot fuel amounts and equivalence ratios for 

syngas and methane ................................................................................................................................. 138 

Figure C.39: Variation of IMEP for varying pilot fuel amounts and equivalence ratios for syngas and 

methane .................................................................................................................................................... 139 

Figure C.40: Brake specific fuel consumption for each fuel injection rate at each syngas equivalence ratio

 .................................................................................................................................................................. 139 

Figure C.41: Variation of BMEP for varying pilot fuel amounts and equivalence ratios for syngas and 

methane .................................................................................................................................................... 140 

Figure C.42: Heat release, Q, for 95% and 5% diesel pilot and varying methane equivalence ratios ...... 140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xi 

 

 

Nomenclature 
A/F – Air to fuel ratio 

ATDC - After top dead center 

BMEP – Brake mean effective pressure 

bsfc – Brake specific fuel consumption 

BTDC – Before top dead center 

TDC - Top dead center 

CA - Crank angle 

CFD - Computational fluid dynamics 

CI – Compression ignition 

CNG – Compressed natural gas 

nR – Number of revolutions in one engine cycle 

DAQ - Data acquisition system 

EC - Exhaust close 

EO – Exhaust open 

EGR - Exhaust gas recirculation 

ER – Equivalence ratio 

GDI - Gasoline direct injection 

HPDI – High pressure direct injection 

IC – Intake open 

ID – Ignition delay 

IMEP – Indicated mean effective pressure 

IO – Intake open 

LFL – Lower flammability limit 

LHV – Lower Heating Value of Fuel 

mf – Mass of fuel  

MON – Motored octane number 

N – Crankshaft speed in revolutions per minute 

P-V – Pressure-volume 

PVC - Polyvinyl chloride 

QHV – Heating value of fuel 

Q – Heat or energy release 

r – Compression ratio 

RMS – Root mean square  

ROHR – Rate of heat release 

RPM - revolutions per minute 

TDC - Top dead center 

UFL – Upper flammability limit 

UHV – Upper heating value of fuel 

ULSD – Ultra low sulfur diesel 

Vd – Displacement volume of engine 

VC - Valve close 

VO - Valve open 

WOT – Wide open throttle 



 

 

xii 

 

 

Greek Symbols 

k - Ratio of specific heats ∅ - Equivalence ratio 

π - Pi 

° - Angular coordinate in polar coordinates 

ρa – Density of air 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

1 

 

Chapter 1 Introduction 

For many years, compression ignition (CI) engines have been used in a variety of applications including 

commercial, industrial and recreational [1]. In the past the spark ignition engine has been the 

widespread engine of choice for light applications due to its more user friendly aspects such as cleaner 

combustion, higher RPM operation and more freedom in terms of tuning with the use of an ignition 

system. While the spark ignition engine has become the better known of the two engine types to the 

average consumer, the compression ignition engine has become the choice for commercial, industrial 

and construction applications. The CI engine excels for applications requiring high torque, low fuel 

consumption and robust power plants. In the past, industrial and construction applications have not put 

as much emphasis on clean emissions which has been the downfall of traditional compression ignition 

engines. With the introduction of ultra-low sulfur diesel (ULSD) fuel in 2006 [2], the compression ignition 

engine has become a more viable option for transportation when used in conjunction with exhaust 

treatment systems such as the BluTec NOx treatment system from Mercedes. The emissions for modern 

compression ignition engine are comparable to those of a spark ignition engine. Though compression 

ignition engines are now able to have similar exhaust gas emissions as their spark ignition engine 

counterparts, they suffer from similar problems [3]. Both types of engines, for example, typically use 

non-renewable fuel and produce carbon dioxide, which is a harmful greenhouse gas [3] [1]. Recently 

there has been motivation to remove the net production of greenhouse gasses from engine cycles by 

modifying the fuel-source and engine operation. Engine operation with a bio-fuel will significantly 

reduce the overall environmental impact of the engine but still benefit from the research and 

development that has historically focused on conventional engines.  
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1.1 Engine Basics  

An internal combustion engine is a reciprocating device which combusts fuel with air inside a cylinder. 

There are two and four stroke versions of the internal combustion engine in both spark ignition and 

compression ignition forms. The four stroke engine has four strokes which include intake, compression, 

power and exhaust. The two stroke engine has two strokes, where the intake and the compression 

processes and the power and exhaust processes are combined. It is used mainly in applications where 

weight savings and high amounts of power are required. The four stroke cycle is depicted in figure 1.1. 

In general, the naturally aspirated four stroke engine does not make as much power as an equivalent 

two stroke because it has a power stroke once every four strokes as opposed to once every two strokes 

in the case of a two stroke engine. The four stroke engine is the engine of choice in most applications 

due to its cleaner operation as it does not burn oil with the fuel as in the case of a two stroke engine. 

The engines discussed in this paper will be of the four stroke variety. 

 



 

 

3 

 

 

Figure 1.1: The typical four stroke engine cycle [4] 

In a spark ignition engine the fuel is injected into the intake port so that a premixed fuel-air mixture is 

sucked into the cylinder as the piston moves to bottom dead centre (BDC). The mixture is ignited using a 

spark plug, centrally mounted on the head, after the mixture is compressed as the piston moves to top 

dead centre (TDC). The performance of the engine can be enhanced by adjusting how far before top 

dead center (TDC) the spark plug ignites the mixture. Timing is crucial in the tuning of an engine, as the 

mixture in the cylinder will autoignite if the timing is advanced too far. The spark timing is selected by 
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the engine control unit based on the engine speed and engine load. The combustion process results in a 

rise in cylinder pressure that pushes on the piston during the power stroke. Finally the exhaust products 

are vented out the exhaust valve as the piston returns to TDC.  

Compression ignition engines operate in a manner very similar to that of a spark ignition engine, except 

the fuel is directly injected into the cylinder. The high temperature compressed air causes the fuel to 

ignite. The compression ignition engine is much less complicated than a spark ignition engine as it does 

not require an electronic ignition like that of a spark ignition engine. A compression ignition engine has 

the potential to create more torque and power than its spark ignition counterpart and is well known in 

the construction and transportation industries for its versatility as a robust work engine.  

1.2 Engine Performance Parameters 

A dynamometer is used for measuring engine performance over a range of operating conditions. The 

engine dynamometer is capable of holding the engine securely in place while measuring the shaft 

output values, commonly referred to as brake values, of torque and power through a load cell. The 

dynamometer is capable of controlling all of the associated systems required to operate the engine, 

such as cooling, electrical, and fuel delivery. The engine dynamometer comes in several different 

varieties, although the most common type is the water brake dynamometer. In this type of 

dynamometer, the output shaft of the engine connects to an absorber unit.  Inside the absorber, the 

force of water is used to push against the vanes of an impeller to create a load counteracting the force 

of the engine. A diagram showing the operation of a water brake absorber is shown in figure 1.2. 
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Figure 1.2: Schematic of operating principles of water brake dynamometer [5]. 

The study of the combustion characteristics of an internal combustion engine requires measurement of 

the in-cylinder pressure-time history. The most common way to capture in-cylinder pressure readings is 

with the use of a piezoelectric pressure sensor. In most cases the pressure sensor can be mounted 

within existing structures present in the cylinder head. For spark ignition engines, a spark plug can be 

modified to hold a pressure sensor and for compression ignition engines a pressure sensor can be fitted 

in place of the glow plug. If neither of these options is viable, some engines may require custom 

machining. In addition to the piezoelectric pressure sensor, a second sensor must be used to read the 

crank angle of the engine in real time so that the recorded pressure data can be paired with crank angle 
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data. This is essential for the analysis of the pressure traces as it is needed to determine where certain 

events in the combustion cycle occur and permit the calculation of the instantaneous cylinder volume. 

The crank angle can be read with a magnetic sensor or a Hall effect sensor and a trigger wheel. Data 

acquisition software such as National Instruments Labview is used to record the pressure and crank 

angle data and save in the form of a text file for further analysis. The use of Microsoft Excel allows the 

data to be divided into multiple 720° combustion cycles. These cycles are combined to form one average 

cycle that is indicative of a typical combustion cycle. The averaged data is typically plotted on a pressure 

vs. volume graph and integrated to obtain values for parameters such as heat input and net cycle work. 

The term “indicated” is used to describe values based on in-cylinder measurements. An example of an 

in-cylinder pressure vs. volume plot is shown in figure 1.3. 
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Figure 1.3: Example of in-cylinder pressure trace and ROHR diagram [6] 

The upper flammability limit (UFL) and lower flammability limit (LFL) for methane and syngas must be 

known so that the test range for each fuel source can be covered fully. While the UFL and LFL are known 

for methane, these values must be computed for the syngas mixture using the mixture rule shown as 

equation 1.1 [7]. 

�� = �
∑� �	
�	� �
�� ��
���⋯� ��
���

                                                                (1.1) 
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Where: yn = proportions of each combustible gas present in original mixture 

CL = flammability limits of each combustible gas present in original mixture 

The rate of heat release (ROHR) can be calculated from the pressure volume data for the average cycle. 

For a closed system undergoing isentropic compression the energy equation provides the following 

expression relating the pressure change with crank angle (dP/dθ) with respect to the rate of change in 

volume (dV/dθ) and heat release (dQ/dθ). 

��
�� = −� �

�
��
�� + ���

� ������                                                              (1.2) 

where k is the ratio of the specific heats. Equation 1.2 is used to obtain the ROHR, i.e., dQ/dθ where 

dP/dθ  is obtained directly by differentiating the pressure vs crank angle data and dV/dθ is obtained by 

differentiating V(θ) obtained from equation 1.3. 

 

�� ! = �"#��+ �"$ %& + 1 − cos  − �&$ − +,-$ !� $. /                                    (1.3) 

 Where:       �� = 0
1 �2345$!�+643�5! 

4 = 738945++,3-	4;6,3 

& = 2�=5->6ℎ	3@	73--576,->	43A!74;-�	6ℎ43B  

The values in equation 1.3 can be found through measurement or referencing engine specifications 

provided by the manufacturer. The value for the ratio of specific heats can be found by taking the slope 

of the log P vs. log V during the compression stroke for the averaged pressure plot of the cycle. An 

example of the log P vs. log V plot is shown in figure 1.4 with the slope of the compression stroke 

labeled.  
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Figure 1.4: Plot of log P vs. log V showing slope of compression stroke along with four strokes of the Otto cycle 

The value of k found using the slope of the compression stroke from the log P vs. log V graph can be 

confirmed by comparing the measured pressure versus crank angle, such as those shown in figure 1.5, 

with the theoretical pressure. The theoretical motored pressure curves in figure 1.5 for different values 

of k were obtained using the relation in equation 1.4 corresponding to isentropic compression and 

expansion, taking Po, Vo to be the values at 0° TDC  

C�� = CD�D�                                                                          (1.4) 
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Figure 1.5: Theoretical motored cylinder pressure curves for different values of k 

Figure 1.6 shows an example of a ROHR plot obtained using equations 1.2 and 1.3. Labeled on the plot 

are the areas of interest for the further analysis of the combustion cycle. The pilot fuel injection is 

shown at 12° BTDC, and the start of combustion is shown at 4° BTDC. Just after TDC is reached at 0°, the 

peak in heat release rate associated with the diesel pilot fuel combustion is shown followed by the peak 

associated with the combustion of the primary fuel [8]. 
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Figure 1.6: ROHR plot showing key events in combustion process 

The total heat release, Q, from the combustion process can be found by integrating the ROHR curve 

spanning from the start of combustion to the end of combustion shown in figure 1.6. Using the 

trapezoid rule in Excel, the value of Q can be found for each point along the average pressure plot. The 

trapezoid rule is shown as equation 1.5. 

EF = EF�� + � F −  F��! �
"G"HIJ	�"G"HI!$                                                          (1.5) 

The indicated work for the cycle can be found by integrating the in-cylinder pressure vs. volume for the 

complete cycle, see figure 1.7. In this plot, there are three different regions that contribute to the pump 

work and the gross indicated work. The pump work is the sum of areas B and C and represents the net 

work delivered to the gas over the intake and exhaust strokes. The gross indicated work is the sum of 

areas A and C and represents the net work delivered to the piston over the compression and expansion 

strokes. The net indicated work, , can be found by subtracting area B from area A, or subtracting the 
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pump work from the gross indicated work. Simple integration is used based on equation 1.6 to find the 

indicated work.  

KL = MC∆�                                                                            (1.6) 

 

Figure 1.7: Pressure vs. volume plot showing three regions  

Although the values of Q and Wi in combination with the brake torque and brake power values are 

essential for computing several performance parameters of the engine, a few more pieces of 

information are needed. The mass flow rate can be obtained by measuring the fuel volume flow rate 

and the fuel density. From the mass flow rates for the fuel and air, the air to fuel ratio (A/F) can be 
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found for each operating point. Combining the A/F ratio with computed values for stoichiometric 

combustion and using equation 1.7 allows one to find the equivalence ratio of each test condition. Low 

values for equivalence ratio correspond to fuel lean conditions. 

∅ =	O P. QRSTUVTSWXRYTUO P. XIZXYTWX�R[\
                                                                          (1.7) 

Also the energy input, Q, can be found for each test condition if the density, volumetric flow rate, and 

lower heating value (LHV) of the fuel is known. Equation 1.8 can be used to determine the value for 

energy input for a dual fuel engine. 

��
�] = 	 ÊL_ = `a�Lbcbd�̂�Lbcbd∆e�Lbcbdf + `agb]hi_b�̂gb]hi_b∆egb]hi_bf                              (1.8) 

The indicated torque, , is a measure of the rotational force that could be exerted by the engine if 

transmission losses between the piston and the output shaft were ignored. Indicated torque is found 

using equation 1.9. 

jL = kT$0                                                                                (1.9) 

The indicated power, , is a measure of the amount of power produced inside the cylinder by the 

combustion process and is independent of transmission losses between the output shaft and the piston. 

The indicated power is found with the indicated work in combination with equation 1.10. 

K̂L = kTl_mnD                                                                               (1.10) 

Where N=crankshaft speed in rev/min 

-o=number of crank revolutions per cycle 
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The power density is a measurement of the power produced per unit volume of engine displacement, 

and is a measure of the engine performance in relation to engine size. It is found using the indicated 

power, displacement volume, and equation 1.11. 

C�b_cL]p = k̂T�"                                                                          (1.11) 

The thermal efficiency is a measurement of how effectively the energy provided to the engine is 

converted into useable output power. There are two variations, the brake thermal efficiency and the 

indicated thermal efficiency. The brake thermal efficiency takes into account transmission losses 

between piston and output shaft making it a better indication of real world useable power. The 

indicated thermal efficiency is found using equation 1.12 and the brake thermal efficiency is found using 

equation 1.13. 

-],L = k̂T�T�                                                                              (1.12) 

-],r = k̂s_U∙ĝu∙�vw                                                                       (1.13) 

Where 8x = mass of fuel added to cylinder per cycle 

Ey� = heating value of fuel 

The mechanical efficiency is a measure of the mechanical losses associated with power transmission 

from the piston to the output shaft. It is the ratio of brake thermal efficiency to indicated thermal 

efficiency and is found using equation 1.14. 

-gbzh = _R,s_R,T                                                                           (1.14) 

The volumetric efficiency of the engine is a measurement of its ability to induct combustion air into the 

cylinder during operation. It is found using the mass flow of incoming combustion air, density of air, 
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displacement volume, revolutions per minute, as well as the number of revolutions per cycle. Equation 

1.15 is used to find volumetric efficiency.  

-{ = _m∙ĝ[|[∙�"∙l                                                                            (1.15) 

Where ai  = density of air at atmospheric conditions 

The indicated mean effective pressure (IMEP) is a representative constant pressure that would create 

the same net work during one cycle of engine operation if it were to be imposed on the piston during 

the power stroke of the engine. The IMEP can be found using equation 1.16 in conjunction with the 

indicated work. 

,859 = 	kT�"                                                                              (1.16) 

The brake mean effective pressure (BMEP) is also a representative pressure like the IMEP, the only 

difference is that it is dependent on transmission losses between the piston and the output shaft as it 

used brake work as opposed to indicated work. BMEP is found using equation 1.17.  

2859 = 	 $0∙}∙_m�"                                                                         (1.17) 

The brake specific fuel consumption (bsfc) is used to determine how efficiently the engine takes its 

supplied fuel and uses it to create output power. The bsfc is found with the total mass flow rate of 

supplied fuel along with the brake power.  

2+@7 = ĝu,RSR[\k̂s                                                                             (1.18) 

1.3 The Alternative Fuel Engine 

There has been a large push to phase out internal combustion engines over time through the use of 

other power sources. Hydrogen fuel cells and electric cars are a few examples of technologies designed 
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to replace fossil fuelled engines. Electric vehicles have had varying degrees of success and are now a 

reality in today’s world. Although able to move people around fairly efficiently, electric vehicles are still 

not able to provide comparable amounts of power and driving range as their internal combustion engine 

counterparts. A large amount of the world’s goods are transported using trucks and ships, all of which 

are not currently able to operate on electric power sources. Thus there is a need for the internal 

combustion engine until a feasible alternative can be developed. There are several issues with the 

current state of internal combustion technology, all of which provide a necessity for evolution to occur. 

There is an important issue related to the future availability of fossil fuels, a large driving force to move 

towards alternative energy sources. There is a lot of uncertainty associated with the availability of oil, as 

no one can say with certainty how much remains. The price of crude oil extraction is increasing, as our 

oil supply is now coming from locations such as offshore oil rigs and oil sands where refining costs are 

high. Over the time span from 1999 to 2008, the price of crude oil on average increased from 

approximately $18.50 per barrel to $132.80 per barrel [9]. Oil producers have a captive market in which 

they can dictate the price and it must be paid as the global economy relies so heavily on the use of oil. 

Alternatives need to be found to the oil based fuels we use today, as implementation and development 

of new technologies cannot be done immediately. Alternative fuels such as hydrogen and syngas are 

renewable and readily available through simple processes, which make them a prime candidate for 

replacing oil based fuels. 

Another major consideration with the operation of an internal combustion engine is the level of 

emissions produced through the combustion of gasoline and diesel fuel. When an internal combustion 

engine operates, the exhaust contains nitrogen oxides (NOx), carbon monoxide (CO), and hydrocarbons 

(HC). Diesel engines also produce particulate matter due to diesel engines operating at a wide range 

above and below stoichiometric combustion conditions. Emission regulations have been put in place in 

most provinces and states to deal with the increasing threat of global pollution caused by engine 
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exhaust. In 1999 Ontario implemented the Drive Clean program, where every vehicle produced within 

the last 20 years must pass a standardized test based on the emission regulations in place the year the 

vehicle was produced. This was done in an effort to reduce the number of older polluting vehicles on the 

road and to help reduce the emissions being released into the atmosphere by the use of vehicles [10]. 

Tactics such as this originated in California to deal with increasing smog problems experienced in cities 

such as Los Angeles. In general, pollution controls are going to be increasing to combat global emissions 

due to industrialization. Eventually a point will be reached where emission regulations cannot be met 

using traditional fuels, and cleaner burning fuels such as hydrogen and natural gas will have to be 

utilized to meet controls standards.   

1.3.1 Spark Ignition Alternative Fuel Engine 

An alternative fuel engine is best described as a traditional engine that is able to operate on a fuel 

source other than gasoline or diesel fuel. There are several different variants, although the most 

common types are those that run on compressed natural gas (CNG), hydrogen or propane. Engines 

operating on hydrogen are very attractive due to the absence of carbon in the fuel, however, as of now 

hydrogen engines are not very common. Alternative fuels can be run in spark ignition engines as well as 

compression ignition engines with high levels of success. Spark ignition engines can operate on 

hydrogen or CNG, using the spark plug to ignite the fuel mixture like in a standard spark ignition engine. 

The fuel mixture is administered through the intake manifold where it is pulled through the intake valve 

due to the pressure difference which exists during operation. The spark ignition alternative fuel engine is 

quite versatile in regards to how it can be operated. In general, there are two different types of 

alternative fuel setups. The first is the bi-fuel engine, which is capable of operating on either gasoline or 

an alternative fuel source. They have two fuel systems to deliver gasoline in conjunction with the 

alternative fuel, and the two different fuel sources can be switched back and forth on demand. A bi-fuel 

engine is not optimized to run on the alternative fuel and as a result the engine will not operate to its 
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full potential when not being used with gasoline. Emissions are still decreased when the engine is run on 

the alternative fuel source, even though the engine is not reaching its full potential operating on the 

alternative fuel [11]. One major upside to a bi-fuel engine is that it can operate on either fuel 

independent of the other, so that if you cannot find a filling location for one source you can use the 

second. The second type of alternative fuel engine is the dedicated engine, which runs solely on the 

alternative fuel source. These engines are optimized to run on the alternative fuel, for example when 

CNG is considered the compression is increased and timing is adjusted to account for the 130 octane 

rating. The emissions from a dedicated engine are lower than those of a bi-fuel engine also due to 

engine optimization. Dedicated engines have the advantage of only requiring one fuel source, although 

the increased operating temperature from the use of a “dry fuel” has its downsides. There is higher 

valve seat wear in comparison to a gasoline engine and the higher compression ratio is hard on the 

engine [12]. 

In 2000, Das et al [13] studied the potential of a spark ignition engine to operate using hydrogen. This 

was done mainly to compare against the proven performance of a CNG engine, but also due to hydrogen 

having several advantages over liquid fuels. Using gaseous hydrogen one does not have to worry about 

issues associated with liquid fuels, such as poor mixing, cold wall quenching, incomplete vaporization, 

and vapour lock. Also, hydrogen forms water vapour when combusted with air which helps to make it a 

clean burning fuel. To test the effectiveness of each fuel, the engine was operated with timed manifold 

injection on either hydrogen or natural gas at 2000rpm, 2200rpm, 2400rpm, and 2600rpm. The CNG 

tests were throttled by controlling the amount of air administered to the air intake while the hydrogen 

tests were performed at wide open throttle (WOT) and the amount of hydrogen administered was used 

to throttle the engine. Figures 1.8 through 1.11 depict the variation in brake thermal efficiency and 

brake specific fuel consumption at 2000rpm and 2600rpm. The results for 2200rpm and 2400rpm are 

not shown because the show similar trends in the data. The results show that hydrogen was able to 
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produce higher brake thermal efficiencies than CNG, mainly due to its leaner operation and engine 

throttling ability. It was also found that the brake specific fuel consumption decreased with the increase 

in power output [13].  

 

Figure 1.8: Variation of brake thermal efficiency for hydrogen and CNG at 2000RPM [13] 
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Figure 1.9: Variation of brake specific fuel consumption for hydrogen and CNG at 2000RPM [13] 
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Figure 1.10: Variation of brake thermal efficiency for hydrogen and CNG at 2600RPM [13] 
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Figure 1.11: Variation of brake specific fuel consumption for hydrogen and CNG at 2600RPM [13] 

 

1.3.2 Compression Ignition Alternative Fuel Engine 

The compression ignition engine is capable of operating on alternative fuels much like its spark ignition 

variants. The primary fuel is the alternative fuel and the secondary fuel, typically diesel, is burned in a 

much smaller quantity over the engine cycle. The main difference pertains to how the primary gaseous 

fuel is ignited. Since there is no spark plug present in a compression ignition engine, a small amount of 

liquid diesel fuel must be used to initiate combustion in the engine. This small amount of fuel is referred 

to as the pilot fuel, and is injected in the engine under traditional injection means. The pilot fuel is 
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injected into the combustion chamber, and ignites due to pressure and temperature inside the cylinder. 

The combustion of the pilot fuel creates ignition points for the primary gaseous fuel to ignite [14]. Due 

to the need for a pilot fuel to initiate combustion, a compression ignition engine cannot operate in a 

dedicated manner using only the gaseous fuel.  Compression ignition engines must operate in dual fuel 

mode, in most cases with the pilot diesel fuel being injected directly into the combustion chamber using 

high pressure direct injection (HPDI). This system is the same system used in most modern diesel 

engines with over 10 years of development [15]. The primary gaseous fuel can be delivered by fogging it 

into the intake of the engine, or it can be injected directly into the cylinder of the engine. In 2010, Birger 

utilized the Westport J36 dual fuel injector that injects both the primary and secondary fuel into the 

cylinder [16]. The control system for the monitoring of pilot and primary gaseous fuel proportions can 

be controlled electronically (as in the case of the Westport J36) or can be controlled mechanically 

through governor action or manual user modification. In most cases the engine will operate on varying 

amounts of pilot diesel fuel and alternative fuel depending on the throttle setting of the engine. Most 

engines will operate on 100% diesel fuel at idle and can decrease to less than 20% diesel fuel at full 

throttle operation. One of the major upsides to a compression ignition alternative fuel engine is that the 

conversion process is fairly simple in comparison to a dedicated CNG spark ignition engine. There is the 

flexibility of using two fuels, and the diesel fuel helps reduce internal valve wear. There is no ignition 

system to maintain, and when combined with an alternative fuel there is a marked reduction in CO2 and 

NOx emissions.  

1.4 Previous work on Dual-Fuel Engines 

Compression ignition engines have become a focus of dual fuel research in recent years due to the 

rugged design and ability to operate outside of stoichiometric conditions with greater ease than a spark 

ignition engine. Research carried out with the compression ignition engine has been focused around 

hydrogen, natural gas and syngas as the alternate fuel. 
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1.4.1 Hydrogen  

In 1982 Haragopala Rao et al studied the effect of mixing hydrogen into the air intake of a compression 

ignition engine. Diesel fuel was used to initiate combustion and the volume fraction of hydrogen was 

varied from 0% to 30%. The results showed that the thermal efficiency of the engine increased along 

with cylinder pressure, while the exhaust temperature decreased. It was also found that the NOx 

emissions increased while the hydrocarbon emissions decreased. The engine was limited to 30% 

hydrogen fuel by volume, due to the low motor octane number (MON) of hydrogen. Hydrogen has a low 

resistance to detonation due to its low ignition energy and high burning velocity. The burning velocity is 

dependent on temperature and as the temperature increases, the occurrence of detonation will become 

more prevalent. The higher initial temperatures will result in higher total temperatures after 

compression, which will result in auto-ignition. Figure 1.12 shows the effect of hydrogen injection on the 

performance and emissions of a compression ignition engine [17]. 
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Figure 1.12: Effect of hydrogen injection on performance and emissions of compression ignition engine [17] 
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By 2008, Saravanan et al had accounted for the combustion characteristics of hydrogen and performed 

tests similar to those performed by Haragopala et al in 1982. The tests involved the use of hydrogen as 

an air-enrichment medium while diesel fuel was used as the ignition source. The engine was run on 

varying amounts of hydrogen from 0% to 100% and the performance of the engine was monitored. The 

tests showed that when hydrogen was used as an enrichment medium, higher brake thermal efficiency, 

lower specific energy consumption, lower particulate and lower NOx emissions resulted. It was found 

that with 30% hydrogen enrichment, an increase from 22.7% to 27.9% occurred for the brake thermal 

efficiency. For a total engine load of 70% and fuel enrichment of 90% hydrogen, NOx emissions 

decreased from 2762ppm to 515ppm although at full load NOx emissions increased in comparison to 

100% diesel operation. In addition, particulate matter decreased by 50% with hydrogen enrichment. The 

main difference between the tests done by Saravanan et al was the addition of exhaust gas recirculation 

(EGR) into the cylinder to cool the charge, which allowed for the engine to operate on higher 

percentages of hydrogen fuel without detonation. Small amounts of exhaust gas were diverted from the 

exhaust system into the intake, allowing the combustion temperatures in the combustion chamber to be 

lowered, and thus help prevent detonation due to lower octane requirements and decrease NOx 

emissions [18]. Figure 1.13 through 1.16 shows illustrations depicting the effect of hydrogen enrichment 

on the brake thermal efficiency, specific energy consumption, and emissions of the test compression 

ignition engine. 
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Figure 1.13: Variation of brake thermal efficiency with brake load and hydrogen concentration [18] 

 

Figure 1.14: Variation of specific energy consumption with brake load and hydrogen concentration [18] 
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Figure 1.15: Variation of NOx emissions with brake load and hydrogen concentration [18]  

 

Figure 1.16: Variation of particulate emissions with brake load and hydrogen concentration [18]  
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1.4.2 Natural Gas  

In 1997, Karim et al. studied the combustion of methane in a diesel pilot compression ignition engine 

using a thermodynamic multi-zone model and compared the calculated results with those obtained 

from the operation of a 1324cc direct injection single-cylinder engine. Experimental results matched 

those of the model closely, as shown in figures 1.17 through 1.20. It was found that for lean methane-air 

mixtures, maximum in-cylinder pressures were low. The pressure and burn time increased with 

increases in methane admission. Through testing the limit of knock was found to occur around and 

equivalence ratio of 0.7. These trends are shown in figure 1.17 and 1.18 [19]. 

 

Figure 1.17: Comparisons of in-cylinder pressures for different equivalence ratios [19] 
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Figure 1.18: Comparison of maximum in-cylinder pressures for two different pilot fuel amounts [19] 

When energy release figures are studied, it was found that for lean methane-air ER and light load, the 

energy release mimics that of pure diesel operation. When ER is increased for higher loads, the energy 

release characteristics change considerably. At a lower ER, the mixing zone surrounding the pilot fuel is 

small and flame propagation does not occur in the outer premixed methane-air mixture. For higher ER a 

second peak is noticeable where the peak combustion in the gaseous fuel occurs. Examples of the 

change in energy release for ER is shown in figure 1.19 [19]. 
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Figure 1.19: Comparison of energy release from combustion for two different equivalence ratios [19] 
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From figure 1.20, the concentration of carbon monoxide in exhaust gasses can be studied for different 

ER at a fixed pilot fuel amount. When the total cylinder mixture is fuel lean, carbon monoxide is 

produced mainly by partial oxidization of the methane while in fuel rich atmospheres the carbon 

monoxide production decreases due to increasing sizes of combustion regions for the charge in the 

combustion chamber. Carbon monoxide production peaked at a total ER of approximately 0.5 for both 

experimental and calculated cases [19]. 

 

Figure 1.20: Carbon monoxide concentrations in exhaust gasses for methane operation [19] 
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1.4.3 Syngas 

While there are many promising alternative energy sources currently being used in research and 

industry, the next step in the natural evolution of the internal combustion engine is focused on clean, 

renewable operation. The next promising technological advancement deals with the use of syngas as the 

secondary fuel in an alternative fuel engine. Syngas is a mixture of methane, carbon monoxide and 

hydrogen which can be administered to the engine via the fumigation of the air intake. The syngas can 

be used to supplement the current supply of fuel in dual fuel operation, or it can be used as the main 

fuel in a spark ignition engine. Due to the gaseous nature of the syngas, it must be injected into the 

intake using a fumigation method and administered as a homogeneous charge as opposed to a stratified 

charge in direct injection operation. The change in pressure in the intake will pull the syngas into the 

engine, where it will be ignited through the use of a spark plug in a spark ignition engine or with a small 

amount of diesel fuel to start the combustion process in a compression ignition engine. The advantage 

of syngas is that it can be produced through the gasification of biomass, making it a renewable energy 

source. Syngas is effectively carbon neutral and therefore would be an effective way of helping to 

reduce the impact of global warming caused by internal combustion engines.  

In 2005, Garner et al. studied the combustion of syngas in a diesel-pilot compression ignition engine. 

Experimental results were obtained from the operation of a 630cc single-cylinder direct injection engine 

and compared with simulation results using combustion models. Results correlated well between the 

experimental and simulation results. It was found that as the amount of diesel substitution with syngas 

increased, the ignition delay decreased. Through examination of ROHR diagrams, it was also found that 

as the amount of diesel substitution was increased overall the rate of energy release increases. 

Increases in diesel substitution also lead to more noticeable peaks in the ROHR diagrams for the 

combustion of syngas following the combustion of the diesel pilot fuel. The emissions of NOx and CO2 

increase with increases in diesel substitution [8]. 
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1.5 Objectives 

The purpose of this thesis was to test the suitability of a compression ignition engine to operate on 

carbon neutral fuel sources. This project investigated the dual-fuel operation of a compression ignition 

engine using syngas as the primary fuel and diesel as the secondary fuel. The primary fuel was injected 

into the engine’s intake system upstream of the cylinder head, while the secondary fuel was injected 

conventionally into the engine cylinder. Initial testing was done with methane to use as a comparison to 

the performance of the engine while operating with syngas. Methane was used due to the availability of 

well documented operation in compression ignition engines using natural gas (note that methane is the 

main component of natural gas). Performance characteristics for each primary fuel were used to 

describe the effectiveness of each fuel as a primary fuel in a dual fuel engine. 
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Chapter 2 Experimental Apparatus 

The apparatus used consisted of two main components, the engine on which the experiments were 

performed and the measurement systems with which the experimental data was obtained and 

recorded. Section 2.1 outlines the engine and its associated systems while section 2.2 outlines the 

measurement systems used in the acquisition of experimental data. Figure 2.1 shows the experimental 

apparatus. 

 

Figure 2.1: Experimental apparatus showing Hatz 1D81 engine and associated systems 

2.1 Engine 

The engine used was a Hatz 1D81 direct injection compression ignition engine. The engine had several 

modifications in order to meet the needs of this experiment. The modifications to the associated 
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systems are outlined in the sub sections that follow. The specifications of the engine are shown in table 

2.1. 

Table 2.1: Specifications of Hatz 1D81 Engine  

Manufacturer Hatz Diesel 

Model  1D81 

Engine Type Compression Ignition Diesel 

Number of Cylinders 1 

Bore and Stroke (mm) 100 x 85 

Connecting Rod Length (mm) 127 

Connecting Rod Throw (mm) 42.5 

Displacement (cc) 667.59 

Piston Bowl Diameter (mm) 50.8 

Clearance Volume (cc) 34.24 

Compression Ratio 20.5 

Intake Valve Timing Opens @ 340°, Closes @ 590° 

Exhaust Valve Timing Opens @ 154°, Closes @ 380° 

Fuel Injection Timing 702ᵒ (18ᵒ BTDC) 

Number of Injection Points on Injector 6 

2.1.1 Intake System 

The intake system used on the experimental apparatus was a custom made system that varied greatly 

from the stock intake system. The stock air box had the purpose of ensuring that clean air entered the 

engine. This is ideal for industry use but for the purpose of testing, an intake had to be fabricated that 

ensured that gaseous fuel could be fogged into the intake to form a homogeneous charge by the time 

the mixture reaches the cylinder head. Other concerns had to be taken into account, such as packaging 

and the size of the intake on the cylinder head. The intake also had to be durable and lightweight as it 

would be supported by three bolts and had to withstand the vibrations of engine operation. The result is 

the intake system shown in figure 2.2. 
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Figure 2.2: Custom fabricated intake system 

The intake system was designed from aluminum tubing with an inner diameter of 40 mm in order to 

mate effectively to the intake casting on the cylinder head. A bend was incorporated into the pipe 

mainly for packaging requirements, as the dynamometer was located close to the test cell wall and by 

bending the intake we could package the air metering and buffering system behind the engine on the 
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existing dynamometer frame. The intake system was affixed to the cylinder head using an aluminum 

plate that had a bolt pattern matching that on the air box. The other end of the intake affixed to the air 

buffer tank using a combination of PVC and rubber drain fittings. These fittings were joined using epoxy.  

The air buffer system was designed to allow compression and expansion waves entering and exiting the 

engine to dissipate before the air flow turbine, which allowed for a more accurate measurement of the 

combustion air entering the engine. The air buffer tank was created through the modification of a 41.6 L 

Power Fist portable air tank. A flange was welded on one end to facilitate connection to the fabricated 

intake while the top of the tank on the opposite end had a flange welded to it allowing the mounting of 

the air flow turbine. A custom steel stand was fabricated to allow mounting of the air buffer system to 

the existing dynamometer carriage. The air buffer system along with mounting apparatus is shown in 

figure 2.3. 
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Figure 2.3: Air buffer system affixed to engine  

The intake system must be capable of delivering the gaseous fuel and ensure complete mixing with the 

incoming combustion air before it reaches the cylinder. To accomplish this task, the intake was equipped 

with a mixer. The mixer was a flat plate which has been machined out to create small protrusions (tabs) 

from the inner wall of the intake to produce turbulence to promote mixing of the gaseous fuel and air.  

The overall length of the intake system was designed to assist in the induction of the gaseous fuel into 

the intake chamber. The length of the intake system was 1.45 m long and was chosen to help use the 

compression wave, generated as the reflection of the expansion wave produced by the intake valve 

opening, to raise the pressure at the intake valve during valve closing. This higher pressure allowed 

more air to be inducted into the cylinder before the valve closed. A pressure trace obtained from a 

transducer located just before the intake valve is shown in figure 2.4. Shown in the figure are the 
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opening and closing time of the exhaust and intake valve. The pressure oscillated about atmospheric 

pressure.  As the intake valve opened, the pressure dropped suddenly. The pressure peaked with a 

pressure of 1.2 atm just as the intake valve closed. The lining up of valve operation with natural pressure 

oscillation provided excellent air breathing. 

 

Figure 2.4: Intake pressure with relation to crank angle at 2000RPM 

2.1.2 Exhaust System 

The exhaust system used on the experimental apparatus was left in its stock form, and the only 

modification was the addition of an extension pipe to allow for the routing of the exhaust gasses outside 

of the dynamometer cell.  A 3.35 m section of flexible steel exhaust pipe was affixed to the exit of the 

stock muffler system using a combination of high temperature sealant and a muffler clamp. The steel 

pipe was affixed to a slightly smaller diameter galvanized steel pipe section to facilitate routing into the 

exhaust system connection which is built into the dynamometer cell. The connection of the steel and 

galvanized sections was done with muffler clamps and high temperature sealant. The tubing used had a 

large bend of 1 m radius to allow for minimal losses as the exhaust gasses are routed out of the building.  
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2.1.3 Fuel System 

The fuel system used on the experimental apparatus consisted of two separate systems; one to inject 

the diesel fuel and one to inject the gaseous fuel. Each system operated as a standalone system and was 

capable of allowing the measurements and fine control of the amount of fuel being delivered into the 

system at any given time.  

The gaseous fuel delivery system allowed for the injection of gaseous fuel into the engine intake, where 

it mixed with the air and was delivered into the combustion chamber. The gaseous fuel was delivered 

into the intake system through an injection system that was connected as far from the cylinder head as 

possible. The gaseous fuel was supplied to the system from a standard compressed gas cylinder, after 

which it passed consecutively through a pressure regulator, safety shut off valve, needle valve, flow 

meter, check valve, and injector fitting. The compressed gas cylinder was equipped with a 0-200 psi 

Praxair pressure regulator. The regulator delivery pressure was set at 100 psi as per the instructions 

included with the flow meter. After the regulator 6.35 mm diameter stainless steel Swagelock piping 

was used to connect the pressure regulator to an emergency shut off valve. After the emergency valve a 

Whitey needle valve was used for fine adjustment of the fuel flow rate. After the needle valve, the flow 

rate of the gaseous fuel was measured with an Omega FL-2060 NV acrylic rotameter flow meter. The 

rotameter had units of standard cubic feet per minute (scfm), and the range of the rotameter was 0.5 – 

4 scfm with an accuracy of ± 3% of full scale, or ± 0.15 scfm. Following the flow meter, the gaseous fuel 

was supplied to the intake through a check valve and an inlet nozzle.  

The diesel fuel delivery system was designed around the high pressure direct injection fuel system which 

came standard on the Hatz 1D81 engine. The stock fuel system was composed of a gravity feed fuel 

tank, lifter pump, high pressure adjustable fuel pump, and fuel injector. In order to calculate the air to 

fuel ratios (A/F) for the engine, the diesel fuel flow rate of the engine was measured. For each of the 
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governor settings used for the engine tests, diesel fuel was supplied to the engine via a special 

volumetric flask with two 0.2L bulbs. This flask was affixed to the wall just inside the window of the test 

cell. Operation of the engine was switched from the stock fuel tank for long periods of operation or to 

the fuel burette on the wall for short periods of operation requiring precise fuel flow measurements. 

The diesel fuel was put into the fuel tank, and was fed through a filter and into a lifter pump which was 

run mechanically from the internal rotation of the engine. The lifter pump helped to move the diesel 

fuel into the high pressure adjustable fuel pump, where the fuel was compressed through mechanical 

input from the engine and delivered to the fuel injector via a stainless steel line. The fuel was injected 

into a 50.8 mm diameter combustion bowl machined into the top of the piston through the six injection 

points on the tip of the fuel injector. The combustion bowl on the piston is shown in figure 2.5 while the 

fuel injector and cylinder head are shown in figure 2.6. 
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Figure 2.5: Combustion bowl located on dome of piston  
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Figure 2.6: Cylinder head showing fuel injector location 

In the stock system, a governor located inside the crankcase of the engine was used to regulate the 

amount of fuel injected into the cylinder through the adjustment of the size of the chamber inside the 

high pressure fuel pump. The governor was adjusted by the engine based on engine RPM and engine 
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load. The amount of fuel was varied by the governor to keep the engine at a constant RPM. While this 

system was useful in the stock application of the engine, it was necessary to control the amount of fuel 

delivered to the engine for dual fuel operation. The engine was taken apart and the governor was 

disassembled and replaced with a custom made bracket that hard wired the control of the volume 

inside the high pressure fuel pump to the governor output shaft. The bracket was designed in Solid Edge 

and was made using the rapid prototype machine to confirm operation of the part before production of 

the metal component. The rapid prototype of the bracket is shown in figure 2.7 while the modified fuel 

governing system is shown in figure 2.8. 

 

Figure 2.7: Custom bracket to allow fuel injection control  
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Figure 2.8: Modified fuel governing system 

2.2 Measurement Systems 

Several measurement systems were required to monitor the operation of the engine as it was run. 

Systems were designed to measure not only the performance of the engine in terms of torque, speed, 

and cylinder pressure during operation, but the consumption rates of each fuel and the related in-

cylinder pressures during the combustion process.  
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2.2.1 Dynamometer 

The performance of the engine was measured with the engine dynamometer located in engine test cell 

1 in the basement of McLaughlin Hall. The dynamometer used was a Superflow SF-901 hydraulic water 

brake dynamometer, capable of measuring the engine torque, RPM, power, volumetric intake air flow, 

ambient air temperature and throttle position of the engine all in real time. The dynamometer has a 

torque range of 1-1350 Nm (±0.2% or ±2.7 Nm), and was calibrated through the use of a load arm and a 

known weight. Due to losses, the useful range with the engine used was from 17 Nm upwards as the 

dynamometer would lose its prime below this setting.  The dynamometer is shown in figure 2.9. 

 

Figure 2.9: Superflow SF-901 Dynamometer 
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The dynamometer functions on the principle of pressure and viscous forces acting inside the power 

absorber. Inside the power absorber there was a vaned rotor that is rotated by the engine, which was 

surrounded by a stator which is affixed to the power absorber housing. The power absorber housing was 

mounted on bearings and was free to move, although a wishbone style strain gauge is used to keep the 

housing more or less stationary. The viscous forces from the interaction of the water with the rotor 

vanes exert a rotational force on the stator, which was read by the strain gauge and interpreted by the 

dynamometer control console as a torque reading for the engine. The force reading from the load cell 

was combined with the distance at which the force is applied to calculate the engine brake torque. This 

was combined with the rotational speed of the input shaft to determine the brake power of the engine. 

The amount of load exerted on the engine was affected by the amount of water being supplied to the 

power absorber housing, hence increasing or decreasing the viscous forces. The amount of water being 

supplied to the power absorber was controlled electronically by a servo valve affixed to the power 

absorber, while a secondary manual valve was used to prime the system as well as provide an additional 

load for high engine torque situations. The amount of load exerted on the engine was dependent on the 

amount of water allowed to flow into the absorber.  

The engine had a useful operating range of 1000 RPM to 2500 RPM. Since the dynamometer was too 

large for the engine being tested, the engine was unable to run below 1000 RPM while keeping a water 

prime in the water absorber. The engine had a maximum operating speed of 2500 RPM at the minimum 

load setting possible on the dynamometer. This indicated that the power created by the engine cannot 

overcome the mechanical and parasitic losses created by the dynamometer at this operating condition.  

In order to attach the engine to the dynamometer, a custom made engine carriage was fabricated which 

allowed the mounting pattern for the engine to mate to the mounting pattern on the carriage of the 

dynamometer. The carriage was fabricated from steel and allowed the engine to be mounted at a height 
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and orientation allowing for the most direct alignment of the output shaft of the engine and the input 

shaft of the dynamometer. Using the axle from a 1985-1987 Volkswagon Jetta, the engine was attached 

to the dynamometer. The shaft was shortened to an overall length of 0.25 m and the constant velocity 

joints were retained on each end to allow for the correction of slight misalignment between the engine 

and the dynamometer. An adaptor was made to mate the constant velocity joint to the output shaft of 

the engine. This adaptor allowed for the mating of a tapered shaft to the Volkswagon bolt pattern on 

the constant velocity joint. The dynamometer end of the shaft contained splines which slid into an 

adaptor located on the power absorber of the dynamometer. The floating spline connection allowed for 

the slight movement of the shaft to prevent binding of the constant velocity joints. A shaft guard was 

constructed from steel plate and expanded steel to contain the majority of the parts if the shaft were to 

fail during operation. The engine carriage, shortened driveshaft, and adaptors are shown in figure 2.10. 
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Figure 2.10: Driveshaft apparatus used to connect engine to dynamometer 

The volumetric intake airflow of the engine was monitored using the Superflow 0.15 m diameter airflow 

turbine, which has a useful operating range of 2-70 L/s (±0.5% or ±0.3 L/s). The airflow turbine was 

checked for accuracy using an orifice plate air flow bench located in the dynamometer cell. 

2.2.2 Emissions Testing System 

The emissions from the engine during operation were measured using a Cubic Gasboard 3100P portable 

infrared coal gas analyzer. The analyzer was manufactured by Wuhan Cubic Opto Electronics Co, Ltd. 

and is capable of measuring CO, CO2, H2, CH4, CnHm, and O2. The concentration measurement range as 

well as the calibration range for the separate gasses is shown in table 2.2. 
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Table 2.2: Gasses and concentration ranges measured by Cubic Gasboard 3100P  

Emission Gas Concentration Measurement 

Range (%) 

Calibration Gas 

Concentration (%) 

CO 0 to 40 15 

CO2 0 to 40 15 

H2 0 to 50 15 

CH4 0 to 50 15 

CnHm 0 to 10 N/A 

O2 0 to 25 15 

 

The gas analyzer was attached to the engine exhaust system as far downstream from the exhaust ports 

as possible, and exhaust gas was captured through a 6.35mm hole drilled in the exhaust pipe just before 

it enters the floor drain channel in the dynamometer cell. The exhaust gas is pumped through a spiral 

section of copper pipe immersed in water to cool the exhaust gas before entering the gas analyzer. The 

exhaust gas sample then passes through a Fisher Scientific Drierite CaSO4 laboratory gas drying unit 

before entering the analyzer to ensure that no water is present in the sample. The gas analyzer was 

calibrated before use through the use of calibration gasses, and the procedure outlined in the user’s 

manual was followed to ensure that the calibration of the gas analyzer was accurate for each test 

session. There was no calibration performed for the CnHm gas as the analyzer did not function properly 

for this sample. 

2.2.3 Data Acquisition System 

While the engine was in operation, data was acquired using sensors set up specifically for the purpose of 

capturing real time pressure plots. The engine had a pressure sensor flush mounted in the cylinder head 

to monitor the pressure inside the combustion chamber during operation. The sensor used was a PCB 

charge mode pressure sensor (part #112AO5) coupled to a Kistler charge amplifier. The pressure sensor 

was mounted in a water cooling adaptor which circulated cold water around the sensor to ensure that it 

did not exceed its specified maximum operation temperature. A 60-2 trigger wheel was affixed to the 
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output shaft of the engine and a magnetic sensor was used to index TDC on the engine with the in-

cylinder pressure readings. An Omega PX219-030A5V electronic pressure sensor was mounted in the 

intake duct next to the intake valve. Crankshaft position, intake pressure and cylinder pressure were 

recorded with National Instruments DAQ hardware and Labview software. The data acquisition system 

used to capture the real time pressure traces is shown in 2.11. 

 

Figure 2.11: Data acquisition system 

2.3 Operating Conditions 

Care was taken to repeat all trials in similar atmospheric conditions.  The operating temperature inside 

the dynamometer cell was 22ᵒC ± 2ᵒC while the atmospheric pressure varied from 101 kPa ± 1 kPa over 
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the course of the testing. The humidity did fluctuate between the methane and syngas trials, as it was 

approximately 72% during the initial methane testing while it went as high as 86% during the final 

syngas testing.  

The fuel sources used in the experiments were kept constant to help reduce unnecessary error. The 

diesel fuel used was taken from the same Ultramar gas station and fresh fuel was used with each trial. 

The specific gravity of the diesel fuel was tested with each new batch and was found to be 

approximately 0.9. The lower heating value (LHV) of diesel fuel used for the calculations was 50 MJ/kg. 

The methane used in the experiment was delivered from Praxair, and for the purpose of calculations the 

lower heating value of methane was 42 MJ/kg. Stoichiometric combustion of methane-air equation 

provided in equation 3.1 corresponds to an equivalence ratio of 1 and an air to fuel ratio (A/F) of 17. The 

lower flammability limit (LFL) for methane was 4.4% by volume methane, which corresponded to an A/F 

of 39.4 and a methane equivalence ratio of 0.44. The upper flammability limit (UFL) for methane was 

15% by volume methane, which corresponded to an A/F of 10 and a methane equivalence ratio of 1.73.  

1�e1 + 2�~$ + 3.76�$! ⇒ 1�~$ + 2e$~                                                     (3.1) 

 The syngas used for this experiment was a custom blend supplied by Praxair. The composition was the 

same as that used by Garnier et al. in their syngas experiments with (8). The composition of the syngas 

was 10% H2, 4% CH4, 12% CO2, 25% CO, and 49% N2 by volume, which is typical of the output from a 

biomass gasifier. Stoichiometric combustion of the syngas mixture occured at an A/F ratio of 1.08 and 

had a lower heating value of 4.7 MJ/kg (8). The lower flammability limit (LFL) for syngas was 17.84% by 

volume syngas, which corresponded to an A/F of 4.95 and an equivalence ratio of 0.18. The upper 

flammability limit (UFL) for syngas was 63.21% by volume syngas, which corresponded to an A/F of 0.63 

and an equivalence ratio of 1.45. These values were found through calculations using the modified 

mixture rule, shown in Appendix A [7]. It should also be noted that these calculated LFL and UFL values 
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were approximate, and did not correspond exactly with results that were found experimentally. The 

formula for stoichiometric combustion is provided in equation 3.2. 

0.8�0.1e$ + 0.12�~$ + 0.25�~ + 0.49�$ + 0.04�e1! + 0.2�~$ + 3.76�$! ⇒ 0.33�~$ + 0.14e$~ + 1.14�$                    (3.2) 

The engine was first benchmarked by running with diesel only at several different load settings to obtain 

torque and power readings over a range of engine speeds. The engine was then run in dual fuel mode 

with various amounts of diesel pilot fuel and volumetric flow rates of primary gaseous fuel, i.e., syngas 

and methane. The diesel pilot fuel was expressed as a percentage of the maximum amount of diesel fuel 

that can be injected into the engine in one revolution. The syngas and methane were run through a 

rotameters factory calibrated with air. The methane flow conversion took into account the fuel specific 

gravity. Gas samples taken from the intake during engine operation were analyzed and a correction 

factor was developed to convert the units of the flow meter from SCFM air into SCFM of the respective 

gas. The rotameter was used for the majority of the measurements while final measurements were 

checked with the gas analyzer to ensure that the readings were accurate.  
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Chapter 3 Results and Discussion 

The engine was tested at several different diesel fuel injection settings with varying amounts of 

methane and syngas. The flow rates of combustion air, diesel fuel and methane were recorded along 

with brake torque and brake horsepower readings in order to compare the performance of the engine in 

dual fuel mode with the performance of the engine operating solely on diesel fuel. Before testing with 

methane, basic testing of the engine was performed to determine the performance of the engine while 

operating on diesel fuel alone. The engine was run in its factory configuration using the governor to 

control fuel injection rate while varying the engine speed via the load control on the dynamometer. The 

measured torque and power curves are shown in figure 3.1 for the engine over its operational range. 

The peak values were compared to the manufacturer’s provided specification, given in figure C.28. The 

peak torque was approximately 6% higher for the engine used in our tests and occurs at 1750 RPM as 

opposed to 2000 RPM in the manufacturer’s literature. Notes provided by the manufacturer indicated 

that after break in period, the torque values of the engine will increase by 5%, indicating that the test 

engine is within 1% of the peak torque value provided by the manufacturer. 

 

Figure 3.1: Torque and power curves for engine operating on diesel fuel 
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After the modifications were performed to disable the governor and replace it with a custom made fuel 

control assembly, the fuel injection electronic control was calibrated. The fuel adjustment lever on the 

engine was controlled electronically by a servo motor normally used for throttle control. The throttle 

range of the servo motor was read as a voltage on a dial on the console. By setting the control at 

different throttle settings and recording the time to run 100 ml of diesel fuel through a burette, a fuel 

flow chart was created to show the diesel fuel flow rate with regard to throttle position. This is shown in 

figure 3.2, where 0% throttle is the lowest throttle setting and 100% throttle is highest throttle setting. 

 

Figure 3.2: Diesel fuel volumetric flow rate with regard to throttle position 

For the purpose of the tests performed in this thesis, diesel fuel injection amounts were expressed as a 

fraction of the total volumetric amount of fuel that could be injected into the engine at 100% throttle 

setting. The diesel pilot fuel injection amounts chosen were 95%, 38%, and 5%. It is necessary to note 
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that these percentages DO NOT represent throttle settings for diesel delivery on the dynamometer 

console , as can be seen in Figure 3.2 the fuel delivery is not linear. 

3.1 Operating Engine with Methane as Primary Fuel 

When operating the engine on methane, the engine was held at a constant speed of 2000 RPM. This 

speed was chosen as it is close to the peak torque while simulating steady state operating conditions 

encountered during its service life. The diesel fuel injection rate was set at the three chosen mass flow 

rates and for each of these different mass flow rates, the amount of methane injected into the intake 

manifold was varied and performance data captured.  

3.1.1 Brake Output Values 

At each engine operating condition, the brake torque, brake power, volumetric flow rate of air and the 

volumetric flow rate of methane was recorded along with an in-cylinder pressure-time history. The 

output data from the engine captured during operation is shown in table 3.1. 
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Table 3.1: Measured output values from engine operation on methane 

 

Using the data presented in table 3.1, comparisons were made between the operating characteristics of 

the engine while running at the different diesel pilot injection rates. The amount of torque generated for 

varying methane and diesel injection rates was a good indication of the effect of fuel choice on engine 

performance. A summary of torque production in regards to fuel quantity is presented in figure C.29. In 

order to fully understand the effects of methane injection on engine performance, the data is better 

interpreted in terms of methane-air equivalence ratio. The equivalence ratio was obtained using 

equation 1.7. The torque curves in figure 3.3 showed that as the diesel flow rate decreases, i.e., diesel is 

replaced with methane, the peak torque value tended to occur closer to an equivalence ratio of 1 and 
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the largest peak torque was obtained with the intermediate amount of diesel flow. Using the smallest 

amount of diesel the primary heat release occurs via flame propagation in the homogeneous methane 

air mixture. Essentially the diesel acts as an igniter and does not contribute significantly to the heat 

release. In fact the engine was not capable of operating with this diesel flow rate with no methane 

input. The operating range corresponded exactly to the methane air flammability range, corresponding 

to an equivalence ratio of 0.4 and 1.7. Furthermore, the peak torque was obtained at an equivalence 

ratio of roughly 1.1, similar to that observed in a SI engine [20]. 

 

Figure 3.3: Variation of brake torque at different fuel injection settings for different methane equivalence ratios 

With the highest diesel fuel flow rate the engine could run without the gaseous fuel in diesel-only mode. 

As methane was added, initially the torque increased even when the methane-air mixture was below 

the lower flammability limit. This indicated that some of the methane that mixed with the evaporated 

diesel fuel did combust, adding to the heat release which resulted in an increase in torque. As the 

methane-air equivalence ratio further increased, the torque leveled off and then slowly dropped off. At 

an equivalence ratio of 0.44 the torque was larger than that obtained with less diesel showing that the 
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diesel fuel contributed to the total energy released. However, at higher methane-air equivalence ratios 

the torque dropped slightly below that obtained with the smallest diesel injection. This meant that the 

additional diesel actually impeded the combustion of the methane mixture. The best results were 

obtained for the intermediate diesel flow rate; the torque was consistently higher than the lowest diesel 

flow toque curve at the higher equivalence ratio, and torque was obtained down to low methane 

equivalence ratios. Furthermore, this intermediate diesel flow rate produced the highest torque at an 

equivalence ratio of about 0.8. 

The brake power data is shown with respect to equivalence ratio in figure 3.4. Since the engine speed 

was kept constant the curves were similar to the torque curves in figure 3.3 and are included here for 

completeness. 

 

Figure 3.4: Variation of brake power at different fuel injection settings for different methane equivalence ratios 

Equation 1.8 was used to determine the amount of energy input, Q, taking the lower heating value of 

diesel to be 50MJ/kg and the lower heating value of methane to be 42 MJ/kg. The variation of Q with 
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respect to methane-air equivalence ratio and diesel pilot source is shown in figure 3.5. The graph shows 

that as the methane equivalence ratio increased, the total heat increased linearly from the no methane 

case. The same amount of total heat input was obtained by substituting diesel fuel with methane, i.e., 

increasing equivalence ratio. 

 

Figure 3.5: Variation of Q at different fuel injection settings for different methane equivalence ratios 

Equation 1.13 was used to find the brake thermal efficiency for operation with methane. Figure 3.6 

shows the brake thermal efficiency in terms of equivalence ratio. In general as the amount of diesel fuel 

was decreased, the overall thermal efficiency increased. For the lowest diesel flow rate the thermal 

efficiency remained constant up to a methane-air equivalence ratio of about 0.8, and then decreased 

with the addition of more methane. This is similar to what is found in a SI engine, the peak thermal 

efficiency corresponds to a slightly lean mixture. Recall that the peak torque for the lowest diesel flow 

corresponds to an equivalence ratio of 1.1, at this equivalence ratio the thermal efficiency is about 30% 

below the peak value. 
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Figure 3.6: Variation of brake thermal efficiency at different fuel injection rates for different methane equivalence ratios 

Using the ratios of heating values for methane and diesel fuel, the methane fuel rate can be expressed 

in terms of diesel fuel to obtain a total equivalent diesel fuel rate for each data point. This can be used in 

conjunction with equation 1.18 to determine the brake specific fuel consumption (bsfc) for each fuel 

injection rate at each methane equivalence ratio. This information is displayed graphically in figure 3.7. 

Examination of figure 3.7 indicates that the overall bsfc decreases with the decrease in diesel pilot fuel 

amounts. This indicates that as more methane is introduced into the engine, the overall rate of fuel 

consumption is decreasing. If this trend is compared to the plot of thermal efficiencies shown in figure 

3.6, it can be concluded that as the diesel fuel is replaced with methane the combustion in the engine 

becomes more efficient with higher thermal efficiencies and lower bsfc. 
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Figure 3.7: Brake specific fuel consumption for each fuel injection rate at each methane injection ratio 

The BMEP can be found using equation 1.17 and is shown figure 3.8. The variation of methane 

concentration has a greater effect on BMEP than the amount of diesel pilot fuel. The BMEP increases as 

methane concentrations increase, until peak operating conditions are reached and then the BMEP 

decreases. For the 95% diesel pilot case, peak conditions occur around an equivalence ratio of 0.6 while 

for the 5% diesel pilot case the peak conditions occur around an equivalence ratio of 1. The difference 

can be attributed to the difference in the amount of diesel fuel present in each case. For higher diesel 

quantities, the effective combustion of diesel occurs at an equivalence ratio below 1 due to lack of 

available combustion air. For the 5% diesel pilot fuel case, the diesel is merely used to initiate 

combustion so the peak values will occur closer to an equivalence ratio of 1 since stoichiometric 

combustion of methane occurs around this value. 
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Figure 3.8: BMEP for varying diesel pilot and methane concentrations 

3.1.2 In-Cylinder Pressure and Rate of Heat Release Values 

In order to study the effect of methane on engine operation, either the diesel or methane flow rate is 

held constant while the other is varied.  The following sections will first discuss the effect of varying the 

methane flow rate while keeping the diesel flow rate constant and then the effect of varying the diesel 

flow rate while keeping the methane injection rate constant. We will first look at the effect on engine 

performance of keeping the diesel fuel flow rate constant while varying the methane flow rate. The 

maximum and minimum diesel fuel flow rates at which methane injection showed a significant effect on 

performance were chosen, 95% diesel pilot fuel and 5% diesel pilot fuel respectively. For each methane 

concentration, in-cylinder pressure was captured to examine the effects on combustion. For a 5% diesel 

pilot amount, methane concentrations were varied from an equivalence ratio of 0 to 0.78. The 

equivalence ratio of 0.78 corresponds to the onset of knock.  
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Effect of Methane ER for High Diesel Pilot Quantities 

Figure 3.9 shows the in-cylinder pressure measured for a 95% diesel pilot fuel with varying methane 

concentrations from equivalence ratio of 0 to 0.78. 

 

Figure 3.9: In-cylinder pressure traces for 95% diesel pilot and varying methane concentrations for ER 0 through 0.78 

The in-cylinder piezoelectric pressure transducer gives a gauge pressure. The pressure traces in figure 

3.9 were all vertically aligned through the examination of the corresponding intake pressure plot similar 

to the one shown in figure B.1. The in-cylinder pressure data was offset accordingly to make the in-

cylinder pressure and intake pressure at 180° BTDC match. It is assumed that at the end of the intake 

stroke the in-cylinder pressure is equal to the intake pressure. The intake pressure at 180° BTDC was 

1.05 bar absolute for all operating instances studied in this thesis. An in-depth explanation of the 
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process used to find this is presented in Appendix B.  Each pressure trace shown in figure 3.9 is an 

average of 25 cycles in order to remove cycle-to-cycle fluctuations. Also included in figure 3.9 is the 

pressure trace for a methane equivalence ratio of 0 corresponding to diesel-only operation. The diesel-

only case acts as a baseline for comparison with the methane tests performed at higher equivalence 

ratios.  

The pressure traces line up within error up until the start of compression, at which point the pressure 

traces diverge slightly. As the air mixture in the cylinder is replaced with methane, the peak pre-ignition 

cylinder pressure decreases. This is attributed to the differences in specific heat values between 

methane and air (k). As the amount of methane increases, an increase in the peak cylinder pressure is 

observed. This can be attributed to the added energy being introduced into the system. Since the lower 

and upper flammability limits correspond to equivalence ratios of 0.44 and 1.73, respectively the 0.3 

test does not involve flame propagation. The increase in peak pressure is due to combustion of the 

methane mixed with the diesel vapour. As the amount of methane is increased, and the mixture 

becomes flammable, the combustion peak tends to occur closer to 0° TDC and the pressure rise 

becomes steeper. This can be explained by the rate of flame propagation in the methane-air mixture. As 

a result, the length of combustion tends to be shorter with increased methane. For low amounts of 

methane, combustion occurs primarily within the diesel fuel and the mixture is air rich. As the air is 

replaced by methane, the mixture moves closer towards stoichiometric combustion conditions and the 

combustion tends to occur mainly in the methane. The increase of flame speed observed as the mixture 

moves closer towards stoichiometric conditions can explain the shorter burn times and peak 

combustion peaks moving closer towards 0° TDC. This is because as the ER approaches 1 the laminar 

burning velocity increases.  



 

 

67 

 

Effect of Methane ER for Low Diesel Pilot Quantities 

Figure 3.10 shows the results for the lowest diesel flow rate tested. Unlike for the high diesel case in 

figure 3.9, the lowest equivalence ratio of methane studied in this case is 0.45 as this is just above the 

LFL of methane ER 0.44. At equivalence ratios below 0.44, the concentration of methane in the cylinder 

is insufficient for combustion and the engine was unable to operate due to insufficient energy input 

from the diesel combustion. The highest equivalence ratio studied at 5% diesel pilot is 1.70, again due to 

the UFL for methane occurring at a value of 1.73. The same trend illustrated in the diesel rich case in 

figure 3.9 appears in figure 3.10, i.e., the divergence of the pressure traces during compression 

governed by the mixture heat capacity. When the methane-air equivalence ratio is increased from the 

minimum value of 0.45, the peak pressures increases and occurs closer to 0° TDC as the mixture 

composition moves toward stoichiometric. Once stoichiometric conditions are reached, the pressure 

peaks tend to decrease in magnitude and occur further after TDC. The length of combustion also 

increases after stoichiometric conditions are reached. This is attributed to the characteristics of fuel rich 

combustion, which results in longer burn times due to slower flame speeds. 
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Figure 3.10: In-cylinder pressure traces for 5% diesel pilot and varying methane concentrations for ER 0.45 through 1.70 

Effect of Diesel Flow Rate for Methane-Air ER of 0.45 

 In figure 3.11, the average pressure plots for diesel pilot fuel quantities from 95% to 5% are shown for a 

methane-air ER of 0.45. An ER of 0.45 was chosen because it is just above the LFL so combustion will be 

able to occur at all diesel pilot quantities, and it is low enough that we do not encounter the effects of 

engine knock that occur at higher equivalence ratios. An in-depth discussion of the knock characteristics 

encountered during methane operation is discussed in Chapter 4. 
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Figure 3.11: In-cylinder pressure traces for constant methane equivalence ratio of 0.45 and varying diesel pilot fuel amounts 

In figure 3.11 as the amount of diesel pilot fuel is decreased, the in-cylinder peak combustion pressures 

decrease and the pressure peaks tend to occur closer to 0° TDC. The length of combustion also 

decreases with decrease in diesel pilot quantity. These characteristics are indicators of the switch from 

predominantly diesel combustion to methane combustion. As the amount of diesel pilot fuel decreases, 

there is less energy release so the peak in-cylinder combustion pressures will be lower due to less 

energy input.  

The in-cylinder pressure traces are used to find the indicated work for each combustion cycle using 

equation 1.6. Figure 3.12 shows the indicated work for 95% and 5% diesel pilot quantities and varying 

methane equivalence ratios. These values for indicated work are corrected for pressure signal drift as 

outlined in Appendix B. For the 5% diesel the torque remains surprisingly flat. For fuel rich methane 
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mixtures the extra methane does not contribute to energy release because there is insufficient oxygen. 

For the 95% diesel the peak indicated work corresponds to diesel only, where the addition of methane 

takes away from oxygen that is used for diesel combustion that results in a drop in work. 

 

Figure 3.12: Indicated work for varying diesel pilot and methane concentrations 

From the pressure traces shown in figure 3.9 the heat release rate (dQ/dθ) can be found using equations 

1.2 and 1.3. These heat release values can be used to plot a rate of heat release (ROHR) plot and by 

integration of this plot, as outlined in Appendix A, the total heat release, Q, can be found. The ROHR 

diagrams also allow us to determine the diesel ignition delay time. Figure 3.13 shows a ROHR plot for 

95% diesel pilot fuel and 0.45 methane-air equivalence ratio. Indicated in the diagram is the start of 

diesel fuel injection 12° BTC and the start of combustion. The start of combustion occurs at 4.5° BTDC. 

The ROHR curve shows that there are two peaks, the first peak corresponding to the diesel pilot 

combustion and the second peak associated with the premixed methane-air combustion. The negative 
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heat release before the start of combustion is due to the cooling associated with the diesel fuel 

evaporation during injection.  

 

Figure 3.13: ROHR diagram for 95% diesel pilot and methane equivalence ratio of 0.45 

The ROHR diagrams for 5% diesel are provided in Appendix C.2. The ignition delay for different diesel 

pilot quantities and methane equivalence ratios is shown in figure 3.14. For 95% diesel pilot the ignition 

delay is about 7°, relatively independent of the methane-air equivalence ratio and for 5% diesel it goes 

up to roughly 11°, slightly increasing for fuel richer methane-air mixture. Ignition occurs in the region 

where vaporized diesel mixes with the methane-air mixture. Ignition delay is governed by diesel fuel 

atomization and mixing, this most likely is responsible for the difference in the delay time for the 

different quantities of diesel. Also important are the chemical reactions that occur in the diesel-

methane-air mixture. So the effect of methane air equivalence ratio is a complex phenomenon that 

requires accurate simulations of diesel combustion.  
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Figure 3.14: Ignition delay for 95% and 5% diesel pilot amounts with respect to ER 

The heat release, Q, is obtained from the ROHR diagram using the trapezoid rule for integration. The 

heat release is shown graphically in figure 3.15   

 

Figure 3.15: Heat release for 95% and 5% diesel pilot and varying methane equivalence ratios 
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From the combustion heat release and cycle work the thermal efficiency is calculated using equation 

1.12 and is shown in figure 3.16. The trends in the indicated thermal efficiency are similar to that 

observed in the brake thermal efficiency shown in figure 3.6.  

 

Figure 3.16: Indicated thermal efficiency for variations in diesel pilot and methane concentration 

Graphs showing additional indicated parameters are provided in Appendix C.5. 

3.2 Comparison of Syngas versus Methane as Primary Fuel 

The syngas testing was carried out in the same manner as methane testing described in section 3.1. The 

diesel fuel injection rate was set at two mass flow rates, corresponding to the highest and lowest values 

used in the methane trials. The amount of syngas injected into the engine was varied based on 

flammability limits and performance data was captured. 
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3.1.1 Brake Output Values 

At each engine operating condition, the brake values for torque and power were collected along with 

the mass flow rate of combustion, diesel and syngas. The recorded values from syngas engine operation 

are shown in table 3.2.  

Table 3.2: Measured output values from engine operation on syngas 

 

 

Using the values listed in table 3.1 and table 3.2, the following graphs provide a comparison of the 

methane and syngas fueled engine performance. The values for brake torque in relation to the mass 

flow rate of methane and syngas are shown in figure 3.17. 

Diesel 

Pilot 

Setting 

(%)

Diesel 

Pilot Mass 

Flow Rate 

(kg/min)

Syngas 

Equivalence 

Ratio

Syngas 

Mass 

Flow 

Rate 

(kg/min)

Combustion 

Air Mass 

Flow Rate 

(kg/min) Qin (kW)

Brake 

Power 

(kW)

Brake 

Torque 

(N.m)

0.950 0.023 0.120 0.197 0.780 42.906 7.456 35.392

0.950 0.023 0.270 0.393 0.780 58.312 7.829 37.154

0.950 0.023 0.450 0.590 0.780 73.718 8.052 38.104

0.950 0.023 0.560 0.688 0.780 81.421 7.978 37.968

0.950 0.023 0.690 0.787 0.780 89.124 7.754 37.154

0.050 0.002 0.120 0.197 0.780 17.073 3.728 17.492

0.050 0.002 0.270 0.393 0.780 32.479 4.324 19.526

0.050 0.002 0.450 0.590 0.780 47.885 6.039 24.001

0.050 0.002 0.690 0.787 0.780 63.291 6.561 31.324

0.050 0.002 0.830 0.885 0.780 70.994 7.307 34.578

0.050 0.002 0.910 0.934 0.780 74.846 7.456 35.392

0.050 0.002 0.980 0.983 0.780 78.697 7.531 35.798

0.050 0.002 1.270 1.106 0.780 88.326 7.232 34.985

0.050 0.002 1.590 1.229 0.780 97.955 6.785 26.442
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Figure 3.17: Variation of torque at different fuel injection settings for different injection rates 

Figure 3.17 is included to show the difference in the flow rates required to operate the engine on syngas 

compared to methane. Due to the low energy content of syngas, it is necessary to use much higher 

amounts of syngas to create similar performance output values. Using equation 1.7, the volumetric flow 

values for methane and syngas can be expressed in terms of equivalence ratio. The brake torque values 

for syngas and methane in terms of methane and syngas equivalence ratio are shown in figure 3.18. Also 

shown in figure 3.18 is the calculated UFL and LFL for syngas-air which is 0.18 and 1.45 respectively, see 

Appendix A for the calculation of these limits for the syngas used in this study. Note there is no fixed 

range for “syngas” since it comes in different compositions. These limits are approximations and do vary 

from limits found experimentally which explains why combustion occurs just outside this range. From 

the plot, it is evident that for the same equivalence ratio the torque produced by syngas is less than that 

produced by methane. The methane peak torque is 20% higher than that of syngas for the 5% diesel 

pilot fuel case, with methane peaking at a torque value of 45 Nm while syngas peaks at 36 Nm. For the 
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95% diesel pilot fuel case, the methane peak torque is approximately 14% higher with the methane 

peaking at 44 Nm while the syngas peaks at 38 Nm. 

 

Figure 3.18: Variation of brake torque at different fuel injection settings for different equivalence ratios 

The values for brake power are shown for syngas and methane in figure 3.19. The trends shown by the 

brake power plots for methane and syngas are similar to those of the brake torque shown in figure 3.18. 

For the 95% and 5% diesel pilot cases, the peak brake power values are higher for methane than they 

are for syngas. Peak values are occurring closer towards an equivalence ratio of 1 as the amount of 

diesel pilot fuel is decreased. 
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Figure 3.19: Variation of brake power at different fuel injection settings for different ER 

Figure 3.20 shows the variation of energy input calculated using equation 1.8 for different diesel pilot 

fuel amounts and equivalence ratios for both syngas and methane. The amount of energy being put into 

the system by methane is less than that of syngas. From an energy perspective, syngas has less energy 

content than methane and therefore a higher volumetric flow rate of syngas is required to match 

methane in terms of energy contribution. The amount of energy being put into the system to reach an 

equivalence ratio of 1 is 58% higher for syngas than it is for methane, as methane has a Q value of 33 kW 

at and equivalence ratio of 1 while syngas has a Q value of 78 kW. This is attributable to the fact that 

despite the fact that syngas has a lower energy content per mass than methane; the mass flow rate of 

syngas required to achieve stoichiometric conditions is significantly higher. 
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Figure 3.20: Variation of Q at different fuel injection settings for different ER 

The brake thermal efficiency for the engine operating on syngas and methane are shown in figure 3.21. 

Looking at the efficiencies for both 95% and 5% diesel pilot injection quantities for methane, the 

thermal efficiencies for methane operation are greater than those for syngas operation. Although the 

thermal efficiencies for all diesel pilot fuel settings begin to converge as higher equivalence ratios are 

reached, the thermal efficiency for methane operation is still 18% higher for methane at an equivalence 

ratio of 1. 
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Figure 3.21: Variation of thermal efficiency at different fuel injection rates for different ER 

3.2.2 In-Cylinder Pressure and Rate of Heat Release Values 

Similarly to section 3.1.2, the in-cylinder pressure data was studied for engine operation using syngas as 

the primary fuel. The pressure trace shown for each syngas equivalence ratio is the average of 25 

standard combustion cycles, and has been vertically offset to an intake pressure of 1.05 bar at 180° 

BTDC using the method described in Appendix B. The cycles were averaged to eliminate noise in the 

samples. 

Effect of Syngas ER for High Diesel Pilot Quantity 

The effect of varying the diesel pilot fuel quantity on syngas combustion will be discussed. The syngas 

equivalence ratio was varied between an equivalence ratio of 0.12 and 0.69 for the 95% diesel pilot fuel 

case and 0.12 to 1.59 for the 5% diesel pilot fuel case. These equivalence ratios were chosen as they 

correspond to the upper and lower limits of syngas injection for each respective diesel pilot fuel quantity 

where a noticeable change in performance can be observed in comparison to diesel-only operation.  
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The plot of in-cylinder pressure vs. crank angle for the 95% diesel pilot case is shown in figure 3.22. 

Comparison of the syngas traces in figure 3.22 with the methane traces in figure 3.9 indicates that the 

peak in-cylinder pressures are lower in syngas operation than they are for methane operation at 

corresponding equivalence ratios. For example, at an equivalence ratio of 0.45, the peak pressure for 

syngas combustion is 69.58 bar while the peak pressure for methane combustion is 90.35 bar, i.e., 23% 

difference. The peak pre-ignition pressure rise is similar for different equivalence ratios for syngas 

whereas for methane the pressure rise varies significantly as a function of equivalence ratios. Syngas is 

mainly composed of diatomic molecules, similar to oxygen and nitrogen in air, so changes in equivalence 

ratio results in no change in the specific heat ratio which governs the pressure rise during isentropic 

compression. For the lower equivalence ratios for syngas operation, slight indications of knock appear at 

around 0° TDC, whereas the knock is not noticeable in the traces for methane operation. The knock is 

not as pronounced as it should be in either plot due to the low sampling rates used for the pressure 

trace analysis. An in-depth look at knock and examples taken from higher sampling rates are presented 

in Chapter 4.  
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Figure 3.22: In-cylinder pressure traces for 95% diesel pilot and varying syngas concentrations of ER 0 through 0.69 

Effect of Syngas ER for Low Diesel Pilot Quantity 

Figure 3.23 shows in-cylinder pressure traces for varying syngas equivalence ratios at a constant diesel 

pilot fuel amount of 5%. The trends shown are similar to those of the 95% diesel pilot fuel quantity and 

are discussed above. When compared to methane, the peak in-cylinder pressures are substantially lower 

for syngas operation. At an equivalence ratio of 0.98 for syngas, the peak in-cylinder pressure is 73.71 

bar while for methane at an equivalence ratio of 0.97 the peak pressure is 87.10 bar. The decrease in 

pre-ignition peak pressures for the methane case is more evident than it is for the syngas case due to 

the change in specific heat with equivalence ratios. For methane, the pressure drops approximately 7 

bar while for the syngas case the pressure drops approximately 3 bar.  



 

 

82 

 

 

Figure 3.23: In-cylinder pressure traces for 5% diesel pilot and varying syngas concentrations of ER 0.12 through 1.59 

Effect of Diesel Flow Rate for Syngas-Air ER of 0.69 

The effect of holding the syngas equivalence ratio constant at 0.69 while varying the diesel pilot fuel 

amount is shown in figure 3.24. The syngas was held at a constant ER of 0.69 as this is just above the 

upper knock region experienced when operating with syngas. As the quantity of diesel pilot fuel is 

decreased, the peak combustion pressures do not show dramatic and noticeable decreases like shown 

in the methane case. From 95% to 12% diesel pilot, the decreases in combustion pressure are relatively 

small and it is not until 5% diesel pilot fuel is reached do we see much of a decrease. Burn times are 

decreasing with decreasing diesel pilot quantity. 
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Figure 3.24: In-cylinder pressure traces for constant syngas equivalence ratio of 0.69 and varying diesel pilot amounts 

A plot of the indicated work, calculated using equation 1.6, with relation to equivalence ratio for syngas 

and methane is shown in figure 3.25. For 95% diesel pilot the indicated work is higher than the 5% diesel 

pilot case for both syngas and methane. For 95% diesel pilot the methane has higher indicated work 

than the syngas up to an equivalence ratio of 0.7, even though the syngas has a much higher energy 

input, see figure 3.20. If the 5% diesel pilot fuel case is considered, between an equivalence ratio of 0.5 

and 1.4 the syngas creates more indicated work than the methane and has substantially lower energy 

input. The indicated work trace is flatter for the methane, delivering more constant work over the range 

of equivalence ratios.  
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Figure 3.25: Indicated work for varying diesel pilot, methane and syngas concentrations 

Figure 3.26 shows the ignition delay for methane and syngas. The ignition delay is obtained from the 

calculated ROHR, the diagrams are presented in Appendix C. From figure 3.26 we can see as the amount 

of diesel pilot fuel is decreased, the ignition delay increases. For the 5% diesel pilot fuel cases, the 

ignition delay is around 11° to 13° while for the 95% pilot fuel case the ignition delay is around 4° to 8°. 

For identical amounts of diesel pilot fuel, the ignition delay for the methane is less than the ignition 

delay for the syngas except for a few anomalies. This could be attributed to the faster kinetics of 

methane. 
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Figure 3.26: Ignition delay for 95% and 5% diesel pilot amounts with respect to equivalence ratio 

The indicated thermal efficiency can be found using equation 1.12 and is shown in figure 3.27. The 

indicated thermal efficiencies for the methane are higher than those of the syngas for both 95% and 5% 

diesel pilot fuel amounts. As the amount of diesel pilot fuel is decreased, the thermal efficiency 

decreases. Indicated thermal efficiencies for the 5% diesel pilot fuel case for methane is 53% higher at 

an equivalence ratio of 1, with the methane case having an efficiency of 45% while the syngas has an 

efficiency of 21%.  
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Figure 3.27: Variation of indicated thermal efficiency for varying pilot fuel amounts and equivalence ratios for syngas and 

methane 

Graphs showing additional indicated parameters are provided in Appendix C.5. 
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Chapter 4 Operating Characteristics 

The following section covers other operating characteristics that are less performance oriented such as 

engine knock limits and an exhaust gas analysis. 

4.1 Engine Knock Limits 

When the engine was operated in dual fuel mode, knock was experienced under certain conditions. 

Knock is high frequency pressure oscillations and a pinging noise caused by the compression of the 

unburnt fuel mixture ahead of the flame as it propagates across the combustion chamber. This 

compression causes a rise in pressure, temperature and density which can lead to chemical reactions 

prior to normal combustion, resulting in the mixture auto igniting and releasing its energy at a rate 

higher than that of normal combustion [20]. Since the kinetic properties for methane and syngas varied 

greatly, the onset of knock occurred at different mixture equivalence ratios for the different fuels.  

When the engine was operated in diesel-only mode, knock was not encountered as the compression 

ratio, injection timing and operating conditions of the engine were designed by the manufacturer to 

operate in a manner that would not promote knock during operation. The progression of knock within 

the cylinder for methane and syngas operation with 5% pilot diesel is shown by pressure traces in 

figures 4.1 and 4.2. Each pressure trace represents a well-developed knock condition in a hot engine 

which was captured at high pressure sensor resolution to show the detailed effects of knock. The syngas 

knock occured at a lower equivalence ratio than the methane knock, although the magnitude of the 

knock fluctuations experienced was well over 20 bar for both cases. 
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Figure 4.1: In-cylinder pressure traces showing progression of knock for methane 
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Figure 4.2: In-cylinder pressure traces showing progression of knock for syngas 

Figure 4.3 shows engine knock regions with relation to in-cylinder pressure along with data points 

representing the high resolution samples shown in figures 4.1 and 4.2. The onset of knock occurred at a 

lower equivalence ratio in syngas compared to methane in this engine, having a knock range of 

equivalence ratio 0.1 to 0.6 while methane had a knock range of equivalence ratio 0.7 to 1.2. Note this 

lower knock range for methane was in agreement with Karim et al, findings [19]. The difference in the 
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onset of knock can be explained by the laminar flame speeds of the two different fuels. The laminar 

flame speed of methane is approximately four times that of syngas, explaining the earlier onset of knock 

during syngas combustion [21] [22]. The flame propagates faster in the combustion chamber during 

methane combustion, resulting in less time for auto ignition to occur. This variation in knock range 

resulted in the engine having a larger practical operating range in comparison to syngas as knock is not 

experienced around peak in-cylinder pressures. Overall the syngas operation was much more practical 

as knock conditions were not present at the peak power operating condition at ER =1.  

 

Figure 4.3: Comparison of in-cylinder pressure with varying equivalence ratio for methane and syngas operation. Knock 

regions for syngas and methane are identified 

4.2 Combustion Gas Analysis 

During the process of combustion, several different species are released into the atmosphere. Emissions 

such as carbon monoxide and NOx are harmful to the environment [23]. However, these species along 

with other non-harmful emissions such as water vapour, hydrogen and carbon dioxide are useful for 
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analyzing the combustion process. Note carbon dioxide is one of the major greenhouses gases causing 

global warming. Using the Cubic Gasboard 3100P described in Chapter 2, a sample of the exhaust 

products present during combustion was taken for a variety of equivalence ratios for operation with 

methane and syngas. From these samples an analysis of the combustion conditions was carried out. 

The combustion products that were present during operating on methane and 5% diesel pilot fuel are 

shown in figure 4.4. At this condition combustion occurred primarily as a propagating flame in the 

primary fuel mixture. CO2 concentrations increased up to an equivalence ratio of 1.1, then decreased 

with increasing equivalence ratio. This was expected since complete combustion occurs at 

stoichiometric condition. CO2 emissions peaked at approximately 124000 PPM. CO emissions increased 

with increasing equivalence ratio. The CO emissions corresponded to decreasing O2 levels responsible 

for converting CO into CO2. The concentration of CH4 in the exhaust gasses increased with increasing 

equivalence ratio, although the increase became more dramatic following stoichiometric conditions. On 

the fuel lean side, methane increased as the flame temperature increased reaching a maximum at 

roughly stoichiometric conditions. For fuel rich mixtures methane increased as there was less oxygen 

available to completely oxidize the methane fuel into carbon dioxide and water. H2 levels were low at 

approximately 5000 PPM over the entire equivalence ratio range.  
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Figure 4.4: Combustion emissions, 5% pilot fuel, methane 

Figure 4.5 summarizes the exhaust gasses measured for syngas operation and 5% diesel pilot fuel while 

table 4.1 shows the variation in combustion gasses for methane and syngas at stoichiometric conditions. 

The same trends present in methane combustion were present in the exhaust gasses during syngas 

combustion. The main point of interest was the overall exhaust gas concentrations during combustion. 

When compared with methane operation, the levels of CO2, CO, CH4, and O2 were significantly lower for 

syngas operation while the levels of H2 were higher. The higher levels of hydrogen measured in syngas 

combustion were due to the presence of hydrogen in the syngas fuel. From an emission standpoint, the 

levels of harmful CO present in the combustion products was significantly lower for the combustion of 

syngas, however the power produced was proportionally lower.  
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Figure 4.5: Combustion emissions, 5% pilot fuel, syngas 

Table 4.1: Variation in combustion gasses for methane and syngas at stoichiometric conditions 

Species Concentration in 

Methane Combustion 

Gasses (PPM) 

Concentration in Syngas 

Combustion Gasses 

(PPM) 

Variation (%) 

CO 95000 72000 24% 

CO2 124000 85000 31% 

CH4 2800 2800 0% 

H2 4000 12000 67% 

O2 8000 2800 65% 
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Chapter 5 Conclusions and Recommendations 

A compression ignition engine was modified to operate in dual fuel mode with either methane or syngas 

as the main fuel source. Results from the use of each fuel source were compared and conclusions were 

drawn based on the performance characteristics of the engine using each fuel source. It was found that 

as the amount of diesel fuel injected was decreased and replaced with methane or syngas, the peak 

torque of the engine increased and occurred closer to an equivalence ratio of 1. This is indicative of a 

shift from diffusion flame combustion to flame propagation typical of SI engines. The bsfc was reduced 

while the thermal efficiency of the engine increased as diesel fuel was replaced with methane. When 

syngas and methane are compared in terms of engine performance as a main fuel source several other 

conclusions were made: 

- It is necessary to use greater amounts of syngas to create similar performance values to that of 

methane due to the low energy content of syngas in comparison to methane. 

- At the same equivalence ratio, the brake torque and brake power produced by syngas is less 

than that for methane, and the energy input is less for methane than it is for syngas. In addition, 

syngas operation produces lower thermal efficiencies and higher bsfc values for corresponding 

equivalence ratios in comparison to methane operation. 

- Using syngas, the peak in-cylinder pressures were lower and the onset of knock occurred at 

lower equivalence ratios than when operating with methane. The effect of equivalence ratio on 

the compression pressure rise before ignition was less noticeable for syngas than for methane.  

- Syngas has a much more useable operation range then methane since knock conditions are 

passed by the time peak power conditions are reached, whereas methane experiences peak 

knock during peak power conditions. 
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- The indicated work produced using syngas is lower than that of methane for higher diesel pilot 

fuel quantities, but higher than that of methane for lower diesel pilot fuel quantities. The 

ignition delay when operating with syngas is greater than the ignition delay when operating with 

methane. 

- At higher diesel pilot fuel amounts, the heat release, Q, for methane is greater than that of 

syngas at equivalence ratios below 0.6 and drops off much quicker than that of syngas. At lower 

diesel pilot fuel amounts, the Q for syngas and methane are fairly equal, with syngas achieving a 

higher heat release value around an equivalence ratio of 1. 

- The indicated torque, indicated power and power density of the syngas is greater than that of 

methane for lower amounts of diesel pilot fuel, and lower than that of methane for higher 

amounts of diesel pilot fuel.  

- The indicated thermal efficiency and mechanical efficiency of methane is higher than that of 

syngas. 

- The IMEP of syngas is lower than that of methane for high diesel pilot fuel quantities, while it is 

higher than that of methane for low diesel pilot fuel quantities. The BMEP of syngas is lower 

than that of methane for both high and low diesel pilot fuel quantities. 

- The exhaust gas emissions for CO and CO2 are lower for syngas operation than they are for 

methane for the same equivalence ratio. 

 

In general, when the engine is run in dual fuel mode the overall performance is greater when operating 

with methane than it is when operating with syngas. The primary benefit of using syngas is that it is a 

renewable fuel source that is carbon neutral. With more attention spent on the tuning of the engine and 
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changing key engine parameters to tailor the engine to operation on syngas a boost in several 

performance characteristics could be achieved.  

 

There are several recommendations that could be implemented in further research in this area of study. 

While this experiment gave a fairly in depth look at the difference, both qualitative and quantitative, 

involved with the operation of a dual fuel engine operating on methane and syngas. A large portion of 

the time spent on this experiment involved the retrofitting of the various parts of the engine to facilitate 

dual fuel operation. Unlike some other engines used in published papers, the Hatz diesel used in this 

study is able to have independent control over both diesel and gaseous fuel systems independently of 

each other. This allows for a large degree of tuning that cannot be achieved in governor engine setups 

and allows for future research to be conducted of a more advance engine tuning manner now that basic 

dual fuel operation has been achieved. An in depth look could be conducted on the effect of pilot fuel 

injection timing, along with the effect of varying the compression ratio of the engine. Another area of 

study with much promise deals with the cooling system on the engine. It is currently an air cooled 

engine, which results in more drastic changes in engine temperature than if the engine were liquid 

cooled. Engine temperature has an effect on the onset of knock, as well as peak in-cylinder pressures 

and brake torque and power readings. Finally NOx and soot measurements should be included in the 

exhaust analysis. 

A significant source on difficulty with this experiment dealt with the in-cylinder pressure transducer and 

the associated drift. While high temperature silicone is a temporary fix, investigation into the effect of 

different shielding choices on the transducer would be worthwhile along with the effect of transducer 

placement within the cylinder head. In this experiment the syngas composition used was fixed, and no 

work was done to determine the difference with variations of gas composition. One of the main issues in 

the field of syngas study is the inconsistencies in the fuel compositions used in similar studies. Further 
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study could look at the effect of different syngas mixtures, and a gas mixing system could be developed 

for on-the-fly gas mixing. More accurate custom made flow meters could be used for the measurement 

of diesel and gaseous fuel amounts as the engine is running. Computer control of this system would 

result in accuracy improvements with measured values.  

Significant work was done to design an intake system that mixed the gaseous fuel and incoming 

combustion air effectively. Runner lengths were experimented with and basic CFD was performed to 

determine optimal injection locations. While the intake may work well in its current state, its 

development was not as precise as it could be. Further CFD modeling with different mixer 

configurations, runner lengths, injection points and pressures, along with the effect of geometry and 

intake volume could be performed to create a better intake. Losses associated with air filters and other 

incorporated obstacles could be investigated. High speed photography could be employed on sections of 

the intake retrofitted with clear sides to view the real life charge behavior and mixing characteristics, 

which could then be compared to the results found using CFD. Another area that could hold promise is 

the operation of the engine in stratified charge mode for the gaseous fuel, similar to the operation of a 

GDI engine. The engine is currently being run in homogeneous charge mode for the gaseous fuel 

portion, and if an effective stratified charge system could be developed to inject the gaseous fuel 

directly into the cylinder just before combustion some of the poor operating habits of the engine may be 

eliminated. Exhaust gas recirculation is another method that could be used to help decrease knock and 

improve overall operation. 
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Appendices 

Appendix A: Sample Calculations 
The majority of the calculations for the experiments performed dealt with the interpretation of results 

obtained from fired engine tests. A sample calculation will be performed using data from the engine 

operating conditions of 95% diesel pilot fuel and a methane equivalence ratio of 0.45. An example of the 

resulting in-cylinder pressure plots is shown in figure 3.9. As the engine was operated, the in-cylinder 

pressures were recorded by the in cylinder pressure transducer and sent to a Labview program with the 

assistance of a National Instruments data acquisition system. A 60-2 trigger wheel was used to align the 

pressure traces with the crank angle of the engine, as the double flat tooth is in alignment with 0° TDC. 

The pressure and crank angle data was converted to a text file using the Labview program and imported 

into Microsoft Excel for further analysis. 

The number of degrees per data point can be determined for each data step in the raw data. Using the 

95% diesel pilot and methane equivalence ratio of 0.45, the number of degrees per data step can be 

found between TDC four and five. 

° A;6;	93,-6. = }���J	�}��I�$D° == zbdd	$n�D�zbdd	$D�D
�$D° = �.$	°

����	�����                

The number of degrees for each data point can be found between each TDC in the data set, and using 

this data the cycle can be separated based on crank angle. Following this step, 25 cycles can be averaged 

to eliminate noise in the data set and create one averaged data set. The 25 samples used in the average 

cycled are then put into a scatter plot to determine the scatter between samples. An example of a 

typical scatter is shown in figure A.1. 
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Figure A.1: Scatter plot showing correlation between 25 pressure traces used to create average trace 

In order to average the 25 pressure cycles, the raw voltage readings are lined up beside each other 

vertically, and an average is taken between the 25 data points. The average trace can be vertically offset 

by taking a sample of the intake pressure curve for 180° BTDC. The pressure traces are offset to an 

intake value of 1.05 bar as described in the pressure sensor drift analysis presented in Appendix B. Using 

the data from the methane equivalence ratio of 0.45 case, the total offset along with the corrected 

pressure can be found. 

j36;=	~@@+56 = 	1.05	2;450	 ri#�
− �−0.071�! = 	0.092	� 

�3445765A	C45++�45 = 50	 2;4� �−0.071� + 0.092�! = 1.05	2;4 

Once the averaged pressure trace is converted into pressure in terms of bar, a trace can be made and 

compared with motored conditions. The average pressure trace compared with the theoretical motored 

conditions is shown in figure A.2. 
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Figure A.2: Average pressure trace for 95% diesel pilot and methane equivalence ratio of 0.45 

Once an average pressure trace is found, the heat release for the average cycle can be calculated. The 

first step required to obtain heat release is to make a plot showing rate of heat release. The ROHR is 

found using equation 1.2 and 1.3 and solving for dQ/dθ. Plotting these values with relation to crank 

angle, the ROHR diagram shown in figure A.4 can be created. Using the data from the trial with methane 

equivalence ratio of 0.45, the heat release for the average cycle can be calculated. First the value of the 

ratio of specific heats (k) will be found by finding the slope of the expansion stroke of the log P vs. log V 

plot for the cycle, which is shown in figure A.3. 
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Figure A.3: Plot of log P vs. log V for 95% diesel pilot fuel and methane equivalence ratio of 0.45 

The value for the ratio of specific heats (k) can be found by taking the slope of the expansion stroke in 

the log P vs. log V plot for the averaged pressure plot of the cycle. Taking the slope of the expansion 

stroke yields the value for the ratio of specific heats. 

+=395 = ∆p
∆F = �.�1��D.D�$

�.����$.�1n = 1.30 

This value of k can be confirmed by taking the pressure value at 0° TDC in figure A.2 and comparing it to 

the theoretical motored pressure curves in figure 1.5 and solving using linear interpolation. The 

theoretical motored pressure curves were found using the relation in equation 1.4 and varying the value 

of k. To check the calculated value of k, we will use linear interpolation to solve for kx.  
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C� − C$�� − �$ = 	 C� − CF�� − �F 

58.992;4 − 50.73	2;41.35 − 1.3 = 	58.992;4 − 52.502;41.35 − �F  

kx = 1.31 

Next the values for Vd, r and R can be solved. 

�� = �4 �1078$!�8578! = 667.59	77 

r = 20.5 

& = 2�12.778!
4.2578 = 5.98 

Using the values solved above in conjunction with equation 1.3, the cylinder volume can be determined 

at each data point. We will solve for the volume at the crank angle of -178.8° or -3.121 rad. 

��−3.121! = 667.597720.5 − 1 + 667.59772 %5.98 + 1 − cos�−3.121! − �5.98$ − +,-$�−3.121!!� $. / 

V(-178.8°) = 701.76cc 

The same procedure can be used to find the cylinder volume for every other data point in the average 

pressure curve. Using equation 1.2 the rate of heat transfer can now be found for each data point. We 

will solve for the value of dQ/dθ at the crank angle of -178.8°. The value of dP/dθ is found by taking the 

difference between the respective pressure values on the average pressure curve. The value of dV/dθ is 

found in the same manner using the cylinder volume values found earlier using equation 1.3. 

0.006 = �−1.31!�0.0014!�−0.041! + 1.31 − 1701.7677 �AEA � 
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��
��=13.34 

Using this method, the rate of heat transfer can be found for each point on the average pressure curve. 

These points can be plotted to create a heat release plot for the cycle. The rate of heat release (ROHR) 

plot for 95% diesel pilot fuel and methane equivalence ratio of 0.45 is shown in figure A.4. 

 

Figure A.4: ROHR diagram for 95% diesel pilot and methane equivalence ratio of 0.45 

To determine the total heat release from the combustion process for the averaged pressure cycle, 

integration must be done to find the area under the combustion section of the heat release plot shown 

in figure A.4. Through visual inspection, it appears as though combustion begins at 4.5° BTDC and ends 

at 61.2°ATDC. Using the trapezoid rule in Excel, the value for heat release, Q, can be found for each 

point along the average pressure plot. If the sum of the heat release values is taken from 4.5° BTDC to 

61.2°ATDC, the total heat release for the combustion process can be found. The trapezoid rule is shown 

as equation 1.5. 
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EF = EF�� + � F −  F��! �
"G"HIJ	�"G"HI!$   

EL_ = 9504.11K 

The indicated work for the cycle can be found by integrating the area under the curve in the pressure vs. 

volume plot for the cylinder shown in figure A.5. 

 

Figure A.5: Pressure vs. volume plot for 95% diesel pilot and methane equivalence ratio of 0.45 

Simple integration is used to find the net indicated work, based on equation 1.6. The net indicated work 

is found by subtracting area B from area A, so if equation 1.6 is used to find the area of B+C and is 

subtracted from the area of A+C the net indicated work can be found. 
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KL = MC∆�  

KL = �;45;	� + ;45;	�! − �;45;	� + ;45;	�! 
= 1416.07 J - 134.91 J 

= 1281.17 J 

Using simple integration in Excel, the value of KL was found to be 1281.17 J. Using the correction for 

pressure sensor drift developed in Appendix B, the value of KL is taken to be 85% of the calculated 

value, making KL equal to 1088.99 J. Now that the values of Q and KL have been determined, the 

indicated torque, indicated power, power density , indicated thermal efficiency, brake thermal 

efficiency, mechanical efficiency, volumetric efficiency, IMEP, BMEP and bsfc can be calculated using 

equations 1.9 through 1.18. These values will be calculated for 95% diesel pilot fuel and a methane 

equivalence ratio of 0.45. The indicated torque can be found using equation 1.9 along with the indicated 

work. The value for indicated torque is solved as 173.32 N.m.  

jL = kT$0 =	 �D��.��	l.g$0 = 173.32	�.8  

The indicated power can be found with the indicated work, engine RPM, number or revolutions per 

cycle, and equation 1.10. The indicated power was solved as 18.15 kW. 

K̂L = kTl_mnD =	 �
��D��.��	l.g!�$DDD	o��!

�$	#b{ zpzdb. !�nD!  
1000 k

�k
¡ = 18.15	�K  

The power density for the given operating conditions can be solved with equation 1.11 and the indicated 

power along with the cylinder displacement. The power density was solved as 25.93 kW/L. 

C�b_cL]p = k̂T�" =	 ��.��	�kD.�	� = 25.93	 �k�    
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The indicated thermal efficiency can be found using equation 1.12 along with the indicated power and 

the total energy input. The indicated thermal efficiency was solved as 42%. 

-],L = k̂s_U∙ĝu∙�vw = k̂T�̂T� = 	 ��.��	�k1�.��	�k = 0.42 = 42%  

The brake thermal efficiency can be found using equation 1.13 along with the brake power and the total 

energy input. The brake power was solved as 21%. 

-],r = k̂s_U∙ĝu∙�vw = 
k̂s�̂T� =	 �.��	�k1�.��	�k = 0.21 = 21% 

The mechanical efficiency was found using equation 1.14 along with the indicated thermal efficiency and 

the brake thermal efficiency. The mechanical efficiency was found to be 50%. 

-gbzh = _R,s_R,T =	 D.$�D.1$ = 0.50 = 50%  

The volumetric efficiency was found using the mass flow of combustion air along with the displacement 

volume, number of revolutions per cycle, density of air, and engine RPM along with equation 1.15. The 

volumetric efficiency was solved as 94%. 

-{ = _m∙ĝ[|[∙�"∙l =	 �$#b{ zpzdb. !�D.��	�£ gL_. !
��.���	�£ g�. !�D.DDD�g�!�$DDD	o��! = 	0.94 = 94%	          

The IMEP was found using equation 1.16 along with the indicated work and the engine displacement. 

The IMEP was solved as 1555.71 kPa.                                                                    

,859 = 	kT�" =	 �D��.��	l.gD.�	� = 1555.71	�C;    

The BMEP was found using equation 1.17 along with the brake torque, number of revolutions per cycle, 

and the engine displacement. The BMEP was solved to be 783.78 kPa. 
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2859 = 	 $0∙}∙_m�" =	 �$0!�1�.nn	l.g!�$#b{ zpzdb. !
D.�	� = 783.78	�C;  

The bsfc was solved using equation 1.18 along with the total fuel mass flow and the brake power. The 

bsfc was solved to be 302.09 g/kWh. 

2+@7 = ĝu,RSR[\k̂s =	 $�1�.D�	£ h.�.�D	�k = 302.09	 > �Kℎ.         

The procedure used in the sample calculation was applied to all test data sets to determine the 

experimental output values found in this thesis. 

The upper and lower flammability limits of methane are known and are taken from literature, but in 

order to find the upper and lower flammability limits of syngas they must be calculated taking into 

account the proportions of each gas present in the mixture. To do this, the modified mixture rule is 

used. The inter gasses CO2 and N2 are combined with the combustible gasses H2 and CO to form two sets 

of possible reactions, while CH4 is taken alone. The upper and lower flammability limits are computed 

for each set of equations and the lowest value of the LFL values is taken along with the highest value of 

the UFL values. Using equation 1.1, the values for the UFL and LFL can be computed. The UFL and LFL 

values for the possible reactions are taken from figure A.6 and the results are in table A.1. 

Table A.1: Calculation of flammable limits of syngas 

Syngas 

Composition 

Chosen 

Combinations 

Total 

(%) 

Ratio of Inert 

to 

Combustible 

LFL 

(%) 

UFL 

(%) 

H2 = 10% 

CO = 25% 

CH4 = 4% 

CO2 = 12% 

N2 = 49% 

10 H2 + 12 CO2 

25 CO + 49 N2 

4 CH4 

22 

74 

4 

1.2 

1.96 

0 

8 

38 

4.4 

69 

73 

15 

 10 H2 + 49 N2 

25 CO + 12 CO2 

4 CH4 

59 

37 

4 

4.9 

0.48 

0.4 

25.5 

18 

4.4 

76.5 

68 

15 

    



 

 

111 

 

 

Figure A.6: Flammable limits for hydrogen, carbon monoxide, methane, with nitrogen, carbon dioxide, and water vapour [7]. 

From table A.1, the LFL is 17.84% and the UFL is 63.21% by volume syngas and air. Combined with 

equation 3.2, the LFL corresponds to an A/F of 4.95 and an equivalence ratio of 0.18 and the UFL 

corresponds to an A/F of 0.63 and an equivalence ratio of 1.45. 
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Appendix B: Pressure Sensor Drift Analysis 
The mounting of a charge mode pressure sensor directly inside a combustion chamber will lead to a 

certain amount of signal drift due to the exposure to hot exhaust gasses. This will result in a certain 

amount of uncertainty in each of the in cylinder pressure traces taken for each trial. To study the effect 

of signal drift in the experimental apparatus, the engine was run in two different configurations and the 

results of each were compared to determine an acceptable assumption for the error associated with 

signal drift on the experimental results. 

The first engine configuration was that shown in the experimental apparatus in chapter 2. Two different 

pressure signals were used, one mounted in the intake of the engine as close to the intake valve as 

possible and a second mounted within the cylinder head of the engine. The pressure sensor in the 

cylinder head measured gauge pressure and was run without any sort of protective barrier on the face 

of the pressure transducer. The pressure sensor in the intake measured relative pressure and was 

calibrated for atmospheric conditions on the day of the study. The calibration was done by using a 

vacuum pump to obtain a perfect vacuum and by taking an atmospheric pressure measurement. These 

two points were used to create a calibration curve for voltage readings given by the sensor. Each of the 

two pressure signals were taken in real time in conjunction with a crank angle position reading taken 

from the 60-2 trigger wheel.  

The second engine configuration used the same two pressure sensors operating under the same 

conditions, the only difference was the presence of an extremely thin protective coating of silicone over 

the face of the in cylinder pressure transducer. The silicone used was Permatex Ultra Copper Maximum 

Temperature RTV Silicone Gasket Maker which has a temperature range that extends to 371°C 

intermittent and is resistant to fuel and oil [21]. The layer of silicone was less than 1mm thick and was 

spread uniformly over the face using a putty knife.  
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Under both experimental engine configurations, the engine was run with diesel fuel only, as well as 

methane and syngas at varying equivalence ratios. For each trial, in-cylinder pressure data and intake 

pressure data was taken and the results were compared to determine the magnitude of signal drift.  

B.1: Intake Pressure Trends 

Analysis of the intake pressure traces shows the effect of gaseous fuel injection on intake pressure. 

Comparative intake pressure traces for simultaneous back to back operation in diesel only, 

diesel/methane and diesel/syngas mode are shown in figure B.1. 

 

Figure B.1: Intake pressure trace for diesel, methane and syngas operation 

Due to the overall similarity of all pressure traces, one representative pressure trace was chosen from 

diesel, one from methane and one from syngas operation. These three pressure traces were overlaid to 

show the differences in intake pressure for the different operational modes. The first thing that is to be 

noted about the pressure trace is that all pressures are relative pressures, not gauge pressure as shown 

in the raw pressure traces from the in-cylinder pressure sensor. The next point of interest is the 

fluctuations within the cylinder. The pressure is fluctuating up and down significantly which introduces 

error into any assumptions based on intake pressure data. Although each pressure trace is different, the 

overall trends of pressure rises and drops along with magnitude of pressure peaks are fairly consistent. 
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In figure B.1, it is shown that the peak pressure within the intake is at 1.22 bar for diesel only operation, 

while the peak pressure is 1.23 bar for methane and syngas operation.  

B.2: In-Cylinder Pressure Trends 

With intake pressures determined, the amount of pressure sensor drift can be determined for in-

cylinder pressure measurements. The engine was run in simultaneous back to back tests using diesel, 

methane, and syngas with protected and unprotected in cylinder pressure transducer configurations. 

Due to the findings being the same for all tests, and for a more readable graph the results for methane 

operation at 95% diesel pilot and 0.45 equivalence ratio will be compared below in figure B.2. 

 

Figure B.2: In-cylinder pressure measurements for protected and unprotected transducer configurations 

In order to create the overlaid pressure traces of the pressure signal from the protected and 

unprotected pressure transducer configurations, it was necessary to vertically offset each pressure trace 

to account for the pressure recording gauge pressure. This was done by converting the pressure 

measurements from volts to bar using the pressure transducer calibration of 50 bar/volt, and then 

offsetting each pressure trace by 1.01325bar to bring it to atmospheric pressure. At this point the 

exhaust portion of the pressure trace is studied, where the exhaust valve is open and the intake valve is 

closed (between 154° and 340° ATDC). At this point the in cylinder pressure should be approximately 1 
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bar due to the cylinder being open to atmospheric conditions in the exhaust. With the protected 

pressure sensor trace this was the case, whereas this is not the case with the unprotected sensor. In 

figure B.2 the discrepancy is shown between the two measurement methods. From 180° BTDC through 

to 30° ATDC, the pressure traces for both sensor configurations overlay very closely. The discrepancy 

between the two traces comes from 30° ATDC through 520° ATDC, as this is the period when the hot 

combustion gasses are forming in the cylinder and it is not until the exhaust gasses exit the cylinder at 

380° ATDC that the signal can begin to return upward to its normal magnitude. The drift experienced is 

mainly a result of conductive heat transfer between the flame and the sensor, which occurs at 

approximately 30° ATDC.As previously stated, the amount and magnitude of signal drift experienced is 

independent of variations in equivalence ratio, and does not vary based on fuel source being used. The 

magnitude of signal drift is the same for methane, syngas or diesel combustion.  

 If pressures are compared in the intake pressure trace in figure B.1 and the in-cylinder pressure trace in 

figure B.2 at any position during the opening of the intake valve, the pressure drop across the intake 

valve can be determined. If pressure readings are taken at 180° BTDC, it is found that the pressure in the 

intake is 1.06 bar whereas the pressure in the intake is 1.05 bar. This indicates that the pressure drop 

across the intake valve is approximately 0.01 bar. 

B.3: Corrections Due to Signal Drift 

Signal drift within the cylinder occurs after the peak combustion pressure is achieved, and is present 

throughout the exhaust stroke. While this does not affect the general combustion trends or brake 

output values being studied in this experiment, it will have an effect on the indicated work and 

consequentially other values such as power density, indicated thermal efficiency, mechanical efficiency, 

and imep. In an ideal world the experiments would be run with a protective coating over the pressure 

sensor to eliminate sensor drift. The problem with using a silicone protective layer is that it doesn’t hold 
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up to the conditions within the combustion chamber. Even when high temperature RTV silicone is used, 

it is removed by the heat and fluids within the cylinder over a matter of minutes. The application 

process is time and labour intensive, as the cylinder head must be removed for application. 

Fortunately the sensor drift experienced has minimal effect on the actually shape of the pressure curve, 

as by the time the pressure drop has occurred following combustion the drift has reached its maximum 

magnitude and can be corrected with simple vertical offsets. Each trace must be offset individually, and 

as previously stated the method for correcting for sensor drift is constant for all cases so the 95% pilot 

fuel, ER= 0.45 case will be shown in figure B.3. 

 

Figure B.3: In-cylinder pressure measurements for protected and unprotected transducer configurations showing pressure 

signal correction for signal drift 

The first correction is applied to the section of the trace occurring right after the peak combustion 

pressure to when the exhaust valve is open and has settled to atmospheric pressure at 220° ATDC. This 

section of the trace is offset so that the lowest portion of the trace occurring at 220° ATDC is at 1 bar. 

Since signal drift occurs from flame conduction with the pressure sensor around 30° ATDC, the data is 

offset at 20° ATDC to ensure that the data isn’t being offset after drift has begun. The second offset is 

from 220° ATDC to 540° ATDC, the pressure trace is set to 1 bar as the trace is open to atmospheric 
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conditions at this point. As shown in figure B.3, the corrections still do not allow the traces to be 

identical copies of each other. There is some skewing of the signal shape during signal drift although it is 

minimal. When the work for each cycle is calculated, the protected pressure transducer trace produces 

work of 1020.67 N.m for one cycle while the corrected trace produces work of 1291.80 N.m. This is a 

difference of 15% between the two traces, and by using the same method on pressure traces of 

different pilot fuel and equivalence ratio it was found that this positive difference of 15% is a good 

approximation of the error associated with the corrections stated above. The ROHR diagrams showed 

similar differences of 15% ± 2% in the positive direction when the pressure traces from a protected 

pressure transducer were compared to that of an unprotected but corrected pressure transducer. 
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Appendix C: Additional Engine Performance Plots 
The following section contains additional plots which correspond to results provided in the body of this 

thesis. 

C.1: Methane ROHR Plots for 95% Diesel Pilot 

The following subsection contains figures C.1 through C.5, which are the ROHR plots for methane 

operation using a diesel pilot fuel amount of 95% and methane equivalence ratios of 0 through 0.78. 

 

Figure C.1: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0, methane 
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Figure C.2: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.3, methane 

 

Figure C.3: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.45, methane 
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Figure C.4: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.62, methane 

 

Figure C.5: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.78, methane 
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C.2: Methane ROHR Plots for 5% Diesel Pilot 

The following subsection contains figures C.6 through C.13, which are the ROHR plots for methane 

operation using a diesel pilot fuel amount of 5% and methane equivalence ratios of 0.6 through 1.70. 

 

Figure C.6: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.45, methane  
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Figure C.7: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.53, methane 

 

Figure C.8: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.78, methane 
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Figure C.9: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.97, methane 

 

Figure C.10: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.15, methane 
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Figure C.11: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.34, methane 

 

Figure C.12: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.54, methane 
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Figure C.13: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.70, methane 

C.3: Syngas ROHR Plots for 95% Diesel Pilot 

The following subsection contains figures C.14 through C.18, which are the ROHR plots for syngas 

operation using a diesel pilot fuel amount of 95% and syngas equivalence ratios of 0.12 through 0.69. 
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Figure C.14: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.12, syngas 

 

Figure C.15: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.27, syngas 
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Figure C.16: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.45, syngas 

 

Figure C.17: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.56, syngas 
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Figure C.18: ROHR plot for 95% diesel pilot fuel, equivalence ratio of 0.69, syngas  

C.4: Syngas ROHR Plots for 5% Diesel Pilot 

The following subsection contains figures C.19 through C.27, which are the ROHR plots for syngas 

operation using a diesel pilot fuel amount of 5% and syngas equivalence ratios of 0.12 through 1.59. 
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Figure C.19: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.12, syngas 

 

Figure C.20: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.27, syngas 
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Figure C.21: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.45, syngas 

 

Figure C.22: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.69, syngas 
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Figure C.23: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.83, syngas 

 

Figure C.24: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.91, syngas  
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Figure C.25: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 0.98, syngas 

 

Figure C.26: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.27, syngas 
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Figure C.27: ROHR plot for 5% diesel pilot fuel, equivalence ratio of 1.59, syngas 

C.5: Engine Performance Graphs for Diesel and Methane 

 

Figure C.28: Engine torque data provided by manufacturer, note that after break in values are 5% higher [22] 
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Figure C.29: Variation of torque at different fuel injection settings for different methane injection rates 

 

Figure C.30: Power density for 95% and 5% diesel pilot amounts and varying methane equivalence ratios 
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Figure C.31: Mechanical efficiency with relation to diesel pilot fuel and methane concentration 

 

Figure C.32: Indicated torque for varying diesel and methane equivalence ratios 
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Figure C.33: Indicated power for varying diesel and methane equivalence ratios 

 

Figure C.34: IMEP for varying diesel pilot and methane concentrations 

 

C.6: Engine Performance Graphs Comparing Methane and syngas 
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Figure C.35: Variation of power density for varying pilot fuel amounts and equivalence ratios for syngas and methane 

 

Figure C.36: Variation of mechanical efficiency for varying pilot fuel amounts and equivalence ratios for syngas and methane 
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Figure C.37: Variation of indicated torque for varying pilot fuel amounts and equivalence ratios for syngas and methane 

 

Figure C.38: Variation of indicated power for varying pilot fuel amounts and equivalence ratios for syngas and methane 
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Figure C.39: Variation of IMEP for varying pilot fuel amounts and equivalence ratios for syngas and methane 

 

Figure C.40: Brake specific fuel consumption for each fuel injection rate at each syngas equivalence ratio  
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Figure C.41: Variation of BMEP for varying pilot fuel amounts and equivalence ratios for syngas and methane 

 

Figure C.42: Heat release, Q, for 95% and 5% diesel pilot and varying methane equivalence ratios 
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Appendix D: Uncertainty Estimation 
The following section will deal with the development of the uncertainty estimation associated with the 

experiments and results outlined in this thesis. The error associated with the indicated work will be 

calculated first, as it is one of the most important and most used values in determining performance 

quantities of the engine. Most of the uncertainty associated with indicated work will be from the 

determination of TDC, for if TDC is out a slight amount it will affect the horizontal alignment of the P-V 

graph and hence will add error into the averaged graph of the 25 trials taken by affecting the area under 

the P-V curve. Using the example from the sample calculation in Appendix A, with 95% diesel pilot fuel 

and methane-air equivalence ratio of 0.45, the uncertainty will be calculated for each of the 

performance characteristics listed in table D.1.  

The uncertainty for indicated work is composed of bias and precision error. For the bias error it will be 

assumed that since the resolution for the data acquisition system is 1.2°/sample, the most that TDC 

could be out is 1.2° in each direction. The calculated value for indicated work is 1281.80 J. If TDC was 

assumed to occur at 1.2° BTDC, the result would be an indicated work value of 1281.17 J which is 0.63 J 

under the calculated value. If TDC was assumed to occur at 1.2°ATDC, the result would be an indicated 

work value of 1282.69 J which is 1.52 J over the calculated value. Using the more extreme of the two 

cases, the bias uncertainty will be assumed to be ±1.52 J or 0.1%. The precision uncertainty is found 

using the student t distribution [23]. Using a confidence level of 95%, two-tail test with a standard 

deviation of 28.4 J and a sample size of 25 the estimated uncertainty is ±11.7 J or 0.9%. Combined using 

the RMS method the total uncertainty for the indicated work is ±8.4 J or 0.7%. 

Next the uncertainty for the engine speed will be determined as it is used to estimate the uncertainty in 

following calculations. Since the engine speed is relative, the bias error is assumed to be negligible while 

the precision error is found using the student t distribution. For a standard deviation of 16.4 RPM, 
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sample size of 25, and 95% confidence level on a two tail test the precision error and consequentially 

the total error  for engine speed was found to be ±6.8 RPM or 0.8%. 

Using the uncertainty estimate for indicated work and engine speed, the uncertainty was estimated to 

be ±1.1 N.m or 0.7% for indicated torque and ±133.5 W or 0.7% for indicated power. The uncertainty 

associated with the power density was found by combining the uncertainty in the indicated power and 

displacement volume. Since the displacement volume is calculated based on the location of TDC, the 

displacement value bias error is found in the same way as the bias error for the indicated work. The 

uncertainty is assumed to be ±0.049 cm3 which is the difference in volume between each data point. 

This is the amount the volume could be out if TDC is assumed to be either one data point before or after 

the actual TDC location. The precision error is assumed to be negligible. Using RMS, the total uncertainty 

for displacement volume is ±0.049 cm3. The uncertainty in power density is found to be ±0.2 kW/L or 

0.7% [24]. 

The uncertainty associated with the IMEP was found through error propagation using the associated 

uncertainty in the indicated work and displacement volume. The uncertainty was estimated at ±10.14 

kPa or 0.7%. The uncertainty in the BMEP was found using the uncertainty in the displacement volume 

and brake torque. Using error propagation, the uncertainty was found to be ±235.0 kPa or 30%. The 

uncertainty associated with the brake power was found through the combination of the fuel mass flow 

rate and the brake power uncertainty. Using error propagation, the was found to be ±2.7 kW or 30%. 

The bias uncertainty associated with the diesel fuel measurement in the fuel burette is assumed to be 

5% of total scale, or ±1.15 g/min, based on the ability to read the measurement scale. The bias 

uncertainty for the methane measurement was assumed to be 3% of total scale as per the literature 

from the manufacturer, or ±0.66 g/min [25]. The precision uncertainty is assumed to be negligible. Error 

propagation found the total uncertainty for bsfc to be ±32.7 g/kWh or 10.8%. 
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The uncertainty associated with the heat release, Q, is calculated based on bias and precision error. If 

the location of TDC is one data point past the actual value, the heat release will be 8598.4 W which is 

84.5 W or 1% higher than the calculated value of 8513.87 W. If the location of TDC is one data point 

before the actual value, the heat release will be 8435.6 W which is 78.25 W or 0.9% lower than the 

calculated value. Taking the worst case scenario, the bias uncertainty is assumed to be ±84.51 W or 1%. 

Using the student t distribution for 95% confidence 2 tail test, standard deviation of 540.4 W, and a 

sample size of 25 the precision uncertainty is estimated at ±223.1 W or 2.6%. Combined using RMS, the 

total uncertainty for heat release is estimated at ±168.7 W or 2%. 

Table D.1: Estimation of uncertainty for experimental values and calculated results 

 

Through the analysis of the pressure signal drift in Appendix B, it was determined that the values for the 

indicated work were higher than they should be after corrections were made to the pressure trace. The 

percent difference between the test using a protected pressure sensor and unprotected pressure sensor 

were compared for the 25 trials. The total uncertainty in the corrections performed due to sensor drift is 
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assumed to have negligible bias uncertainty. The precision error was found using the student t 

distribution, using a standard deviation of 4.8%, sample size of 25, and a two tail 95% confidence test. 

The uncertainty was found to be ±2%.  


