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Introduction 

 

The PhD thesis entitled RESEARCHES REGARDING THE USE OF CNG TO THE CARS 

DIESEL ENGINE is part of the concerns of the research team of the Department of 

Thermotechnics, Engines, Thermal and Refrigeration Equipment (TMETF), Faculty of Mechanical 

and Mechatronics Engineering (FIMM) of the National University of Science and Technology 

POLITEHNICA BUCUREȘTI. The thesis contains original contributions in the field of the study 

of the influence of compressed natural gas in diesel engines fueled  in diesel-gas mode. The work 

also brings novelty in the field of mathematical modelling where, starting from the basic elements 

of the AMESIM software tool, a numerical model is developed for the analysis of the influence of 

the use of CNG in diesel engines.  

The 185-page paper is divided into six chapters, contains 25 tables and 196 figures, and at the 

end of the paper there are 109 bibliographical references numbered in the order of their citation in 

the thesis.  

Chapter 1 gives a general overview of the international context that has favored the growth 

of compression ignition engines used in cars; then the main factors that have led to the decline of 

the diesel engine and the shift of researchers towards the study of alternative fuels are presented. 

The chapter also contains a brief description of the physical and chemical properties of compressed 

natural gases that make them eligible for use in automotive diesel engines. The chapter also 

includes brief descriptions of the technological processes for obtaining, transporting and storing 

compressed natural gas as well as the methods of fueling the engine with this fuel. 
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Chapter 2 makes a detailed investigation of the state of the art of research into the use of 

natural gas in compression ignition engines. The analysis of theoretical and experimental research 

was aimed at evaluating the influence of compressed natural gas on combustion (auto-ignition 

delay time, maximum pressure, heat release rate, specific energy/fuel consumption, thermal 

efficiency, combustion duration), energy and pollution performance of the compression ignition 

engine for different operating regimes and different degrees of CNG diesel substitution.   

The main objective of Chapter 3 was to study and analyse the influence of the use of 

compressed natural gas on the performance of the diesel engine of a diesel-gas fueled  car. The 

results obtained in conventional operation were used as references; the data recorded in operation 

of the engine fueled  in DG mode were compared with the references in order to draw conclusions 

on energy and pollution performance for different operating regimes and for several degrees of 

diesel substitution with compressed natural gas. 

Chapter 4 presents the process of developing the thermo-geodynamic model using the 

AMESIM software tool. The modelling activity is divided into two main parts: the part of building 

the mathematical model from the basic elements available in the AMESIM software tool and the 

part of parameterization of the obtained model.  

In Chapter 5, the results obtained by calculation using the AMESIM software tool are 

compared with those determined experimentally at the loads studied (40%, 55% and 75%) for 

different energy substitution coefficients of diesel with compressed natural gas. The successful 

completion of the parameterization and validation stages of the mathematical model makes it 

possible to further analyze the influence of diesel engine fueling in DG mode; by calculation it is 

possible to obtain the values of some quantities or parameters that could not be determined 

experimentally: temperature evolution (in the cylinder, flue gas, fresh charge), quantity of 

unburned fuel remaining in the cylinder, quantity of flue gas remaining in the cylinder, gas 

compression force on the piston, etc. 

Chapter 6 presents the final conclusions of the PhD thesis; personal contributions are presented 

and future directions are described.  

The paper concludes with a list of published works in extenso and bibliographical references 

in the order of their citation in the text 
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Chapter 1 - Relevance of the research topic 

 

1.1.  Description of the international framework and identification of the opportunity of using 

CNG in diesel car engines 

 

The implementation of regulations, [22] which have favored the excessive growth of the 

number of diesel-powered cars has led to an alarming increase in some pollutant species (NOx , 

PM particles) resulting in exhaust gases which have a negative impact on health and even on human 

life. 

According to a study carried out by the World Health Organization (HRAPIE Project (Health 

risks of air pollution in Europe), after interviewing 100 experts, individuals or companies with 

interests and activities strictly related to air quality, it was concluded that the most important source 

of pollutant emissions (out of a total of 16 respondents) is road transport, accounting for 40.7%. 

The sector of activity of the interviewees is environmental protection or public health, medicine, 

transport. As can be seen in the diagram below (Figure 1.1), the most harmful elements in engine 

emissions are nitrogen oxides, fine and ultra-fine particles and metals [23]. 

In May 2002, the United States Environmental Protection Agency published a very important 

report, that informs the society about the various diseases that can affect people who come into 

contact with diesel exhaust gases. The components of exhaust gases that cause the most serious 

health problems are fine and ultra-fine particulate matter, sulphuric acid particles and sulphates and 

nitrogen oxides. Studies have been carried out both in laboratories on different categories of 

animals but have also highlighted social categories whose jobs or homes put them at high risk of 

diseases directly related to exposure to diesel exhaust (truck maintenance crews, mining workers). 

IN VITRO studies were also conducted to highlight the severity of the conditions caused by 

exposure to diesel exhaust. Among the diseases that are caused by exposure to diesel engine 

emissions are: malignant and benign tumors, genetic mutations, respiratory system diseases, skin 

diseases, etc, [24]. 
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Figure 1.1 Health-risk emissions, [23] 

 

The global focus on the alarming increase in environmental pollution and the main sources of 

polluting emissions are becoming very important issues. Detailed studies show the impact on the 

health of people living or working in urbanized or industrialized areas, [2],[3],[4]. In response, 

governments are implementing increasingly stringent measures for both transport and stationary 

engines; new procedures and equipment for measuring vehicle emissions are being developed (e.g. 

Real Driving Emission with PEMS - portable emission measurement system). In this global reality, 

researchers are looking on the one hand to improve combustion and exhaust gases treatment and 

on the other hand to identify alternative fuels that are less polluting and have better combustion 

properties than conventional ones.  

The growing concern for reducing nitrogen oxides and PM emissions from compression 

ignition (CI) engine exhausts and the ever-increasing demand for alternative energy for automotive 

propulsion make compressed natural gas an attractive alternative for converting CI engines, making 

more accessible the automotive industry's path towards hydrogen, hybrid and electric propulsion.  

Compressed natural gas is a viable alternative not only because it is widely available, but also 

because of its low price, the possibility of fueling the car in households and its very "clean" 

combustion compared to conventional fuels. Compared to diesel engines fueled with diesel, the 

exhaust gas emissions of CO2 , PM and nitrogen oxides are significantly reduced when burning bi-

fuel (diesel-CNG), but the percentages of HC and CO can increase in certain speed ranges and 

loads by up to 100 times. Compressed natural gas releases less CO2 when burned because it has 

the fewest carbon atoms per unit of energy of all fossil fuels.  
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The literature presents performances, emissions and highlights the benefits of fueling a diesel 

engine in dual mode with multiple fuels: Aklouche, [14] summarizes the benefits of fueling the 

engine with CNG and biogas. Egúsquiza, [15], presents the energy performance and emissions of 

a CNG fueled supercharged engine, taking as a benchmark the operation of the engine when it is 

conventionally fueled. Mahla, [16], demonstrates that the negative impact on unburned 

hydrocarbon emissions can be reduced by using the Exhaust Gases Recirculation System. The 

behavior of a CNG stationary engine fueled  in DG mode is analyzed by Jamrozik, [17], while M. 

Mbarawa, [18], presents the influences of bi-fueling with compressed natural gas on auto-ignition 

delay and exhaust gas temperature. 

The increased interest in compressed natural gas is justified by the following factors: lower 

carbon content (76% carbon compared to diesel which has 86% carbon), higher lower heating value 

than conventional fuels (48.6MJ/kg), very high resistance to detonation (octane number 130) and 

ease of procurement. 

The high lower heating value of compressed natural gas and its gaseous state lead to significant 

reductions in specific energy consumption.  

The high-octane number gives compressed natural gas a very good resistance to detonation 

and thus favors its use in engines with high compression ratios.   

The high auto-ignition temperature of CNG imposes the need to initiate combustion either by 

self-ignition of a diesel pilot, by spark from a spark plug or by the mixture coming into contact 

with a hot surface (glow plug); when the engine is fueled in DG mode, compressed natural gas is 

injected into the intake manifold to mix with the air introduced into the cylinder; the air-CNG 

mixture is ignited in the cylinder by a diesel pilot.  

In the exhaust gas, a significant decrease of CO2 , PM and nitrogen oxides is observed in the 

bi-fuel combustion (diesel-CNG); the low carbon content in CNG (75% according to [26]) explains 

the presence of a lower percentage of CO2 and PM per energy unit in the exhaust gases; according 

to [27], temperatures of 1930-2080°C in the cylinder are the most favorable for the appearance of 

nitrogen oxides; the use of compressed natural gas with a maximum flame temperature of 1790°C, 

[28], can lead to lower cylinder gas temperatures and thus lower NOx levels in the exhaust gas. 

The higher specific heat of compressed natural gas than the specific heat of air [29], may result 

in a reduced temperature at the end of compression stroke due to the higher specific heat of the 

homogeneous air-CNG mixture favoring a longer self-ignition delay time.   

 At the other end of the spectrum, HC and CO percentages can increase in certain low and 

medium speed ranges and loads by up to 100 times compared to similar tests done for standard 

operating mode; flame quenching at the cold wall is one of the reasons for the increased HC levels 

in the exhaust; CO emission is determined by cylinder oxygen concentration, cylinder gas 

temperature, eddy current intensity; the influence of CNG on these factors, (decreases oxygen 

concentration, decreases cylinder temperature), can increase CO levels. 

 

1.2. Objectives of the work 

 

The main objectives of the PhD thesis are:  

- Analysis of the international context. 

- Analysis of the physical and chemical properties of CNG compared to diesel and 

determination of the impact of CNG use on diesel engine functionality. 

- Analysis of the current state of research in the field. 

- Optimization of the experimental engine test bench. 
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- Conducting experimental investigations on the test stand. 

- Modeling numerical processes in the cylinder of CNG-fueled diesel engine. 

- Validation of theoretical investigation results. 

- Dissemination of the results of the theoretical and experimental investigations carried out.  

- Establishing new research directions in the field. 

 

 

Chapter 2 - Analysis of the state of research 

 

 

2.1.  Analysis of the results of experimental research in the field 

 

The influence of natural gas use on peak pressure is the subject of many scientific articles. S. 

Imran shows that in DG mode the maximum cylinder pressure is lower than in diesel mode and is 

reached later on the cycle, especially at low and medium loads and speed ranges, due to reduced 

diesel injection advance and reduced cylinder filling, [8]. Liu Shenghua and co-workers conclude 

that the maximum pressure is up to 24% lower than in standard fueling due to too high energy 

substitution coefficient not adapted to the engine speed and load regime, inadequate advance and 

diesel pilot, [11]. K. Suresh Kumar and co-workers will demonstrate that for all operating regimes 

analyzed, the maximum pressure reached in DG fueling mode is lower than that recorded in diesel 

fueling. The authors attribute this result to the lower combustion rate of the air-gas mixture; 

oxidation reactions are slower and tend to be incomplete at low and medium loads, [37]. 

Heat release and heat release rate are some of the quantities considered when the engine is 

powered in DG mode. The heat release rate in DG fueling mode is lower in terms of maximum 

value but also delayed by at least 7°CA, [11]. In standard fueling, the main injection combustion 

occurs with a certain delay compared to the start of pilot burn (due to the injection delay and the 

time required for vaporization) which can be observed by a decrease in the heat release rate; in DG 

fueling mode, the homogeneous air-CNG mixture already exists in the cylinder at the appearance 

of the flame nuclei due to the diesel pilot; the flame propagates rapidly in the volume of the 

homogeneous air-CNG mixture, [11]. F.Z. Aklouche, presents the negative impact of CNG use; 

the heat release in diesel-gas fueling mode is lower than in standard operation, but reaches the 

threshold of 90% of the total quantity faster per cycle; in DG fueling mode the rate of pressure rise 

loses its intensity because by reducing the diesel pilot fewer flame nuclei will result from which 

the flame propagates, [14]. 

The auto-ignition delay time is 3-4°CA longer than it is standard fueling mode due to the 

reduction in the quantity of air admitted into the cylinder; the author of the paper [37] suggests that 

methane has a chemical inhibiting effect on diesel fuel by reducing the cetane number which can 

lead to an increase in auto-ignition delay. 

Specific energy consumption is identified as having higher values in the low load area due to 

faulty combustion control in diesel-gas fueling mode. From loads above 40%, operation in DG 

mode is preferable. Increased engine efficiency in DG fuel mode results in decreases of up to 50% 
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of the total cost when using diesel as fuel, [19]. Specific energy consumption is higher in DG power 

mode at low engine speeds, decreases by up to 8% in the 1200-2000 rpm range, and at high engine 

speeds increases due to the flame quenching, [13]. The author points to the lower heating value as 

the main factor causing a decrease in specific energy consumption. At low loads, low cylinder 

temperatures as well as wall flame quenching may be some of the causes of increased specific 

energy consumption. 

Engine power will increase by up to 5.2% and engine torque by up to 5.8% with increasing 

CNG flow rate used; the increase in power and engine torque are attributed to the high lower 

heating value of natural gas and increased homogeneity of the air-fuel mixture, [13]. 

According to the paper [8] the NOx emission when the engine is fueled in DG mode, is lower 

than in standard operating mode for two reasons: the quantity of air  inside the cylinder is lower 

and the higher specific heat of CNG than that of air causes a lower temperature in the cylinder at 

the end of compression; the author shows with the help of the REFPROP program that the 

temperature of the homogeneous air-CNG mixture at the end of compression stroke is reduced by 

up to 100K. In DG fueling mode, once the medium load and speed regimes are reached, decreases 

in NOx concentration of up to 50% compared to the diesel fueled engine can be recorded, [8]. In 

both of the fueling modes, the NOx emission increases with increasing load, but the lack of a 

precise correlation between the flow rates of the two fuels can lead to an increase in NOx emission 

of up to 1500 ppm in DG fueling mode at high loads; the author implies that NOx emissions may 

also be related to the occurrence of knock. At high loads, a large pilot injection will generate a high 

number of nuclei that will increase heat releasing rate. Increasing in-cylinder pressure and 

temperature above a certain threshold favors the occurrence of knock. In the area of leaner 

mixtures, very high temperatures favor the triggering of the Zeldovich mechanism, [11]. 

F. Königsson estimates that 50% of HC emissions are due to fuel blockage in the crevices 

between piston, cylinder and piston rings, [43]. The swirl effect can reduce up to 20% of emissions. 

When the excess air index increases above 1.8, flame quenching due to too lean mixture becomes 

the main cause for the increase in HC concentration, [42]. HC emissions are mainly higher when 

the engine is fueled in DG mode primarily due to the lack of air but also due to flame quenching at 

cylinder wall. At partial load, when 45% of the energy is provided by CNG, HC emissions increase 

by up to 800% compared to standard operation mode; at full load (when more than 65% of the 

energy is provided by CNG) HC emissions are 250% higher than at standard fueling mode. 

Increased engine load leads to high in-cylinder temperature and high intensity tumble - swirl 

currents and these factors positively influence combustion quality, [8]. 

Diesel engine fueled in DG mode has a big advantage in terms of carbon dioxide emissions, 

which are reduced by up to 12% at an average CNG diesel substitution ratio of 35%, [12]. The low 

carbon content of compressed natural gas is the main reason for the reduction of carbon dioxide 

emissions, [41]. 

Carbon monoxide emission is negatively influenced by CNG injection up to an average 

indicated pressure of 0.6MPa because, at low loads, reduced in-cylinder temperature favors 

incomplete combustion, [11]. At medium loads the in-cylinder temperature increases, combustion 
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improves and CO concentration decreases. Throughout the load range, the CO emission 

concentration is higher in DG mode due to the smaller quantity of air in the cylinder [19], [43], 

[14]. Carbon monoxide emission is controlled by the mixture quality, lack of air leads to incomplete 

combustion. Over the entire engine speed range, the carbon monoxide emission concentration is 

lower in the DF fueling mode due to the lower carbon content in the CNG, figure 2.43, [13]. 

PM emission is lower throughout the entire load range when the engine is fueled in DG mode, 

[14]. The author mentions about the linear carbon bonds, C-C, present in diesel fuel which in the 

phase of diffusive combustion dissociate at high temperatures determine high particles emission. 

Compressed natural gas does not have these carbon-carbon bonds and thus the PM emission tends 

to very low values in DG fueling mode. The main reasons for the reduction of smoke emission are 

the low carbon content of CNG as well as the reduction of the percentage of heavy fractions on the 

cycle. The low carbon content as well as the higher heating value of CNG leads to the reduction of 

carbon per energy unit, which favors the reduction of the smoke emission concentration when 

fueling the engine in DG mode, [11].  

Mohamed Y.E. Selim, [49], draws conclusions from the analysis of experimental data on the 

noise level of the engine fueled in diesel-gas mode with CNG compared to standard operating 

mode. The author demonstrates a direct relationship between the pressure rise rate (dp/dα) and the 

noise level produced by the engine. The noise pollution of the engine fueled in DG mode is also 

studied in [50], [51], [52]. 

 

2.2. Conclusions Chapter 2  

 

The following conclusions can be drawn from the analysis of the influence of compressed 

natural gas on diesel engine performances when it is fueled in the diesel-gas mode: 

- Maximum in-cylinder pressure The maximum in-cylinder pressure increases with 

increasing CNG diesel substitution due to the increased proportion of fast combustion. By 

changing the advance of the diesel pilot injection, the maximum pressure can be reduced below 

the value for standard fueling mode. 

- Auto-ignition delay The auto ignition delay duration of the diesel pilot increases with rise 

of  substitution ratio of diesel fuel with CNG due to the reduction in the quantity of air in the 

cylinder, the in-cylinder temperature at the end of the compression process and the chemical 

inhibition effect of diesel in the presence of methane which may suggest a decrease in cetane 

number.   

- Heat release rate The heat release rate in DG fueling mode is higher because longer auto-

ignition delay favors the vaporization of a larger quantity of diesel, increasing the homogeneity 

of the mixture and increasing the fast-burn phase percentage. By modifying the advance of the 

diesel pilot injection, the heat release rate can be reduced. 

- Specific consumption The specific fuel/energy consumption is higher in the low load area 

due to flame quenching at the wall, air-CNG mixture escape in the exhaust manifold during 

valve overlap. 
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From loads above 40%, CNG operation is more efficient due to improved combustion.  

- Engine power and torque The lower heating value of compressed natural gas causes the 

engine power and torque to increase in DG fueling mode for all operating modes.  

- Emission of nitrogen oxides NOx concentration drops due to a reduction in the quantity of 

air in the cylinder and the gas temperature.  

- Emission of unburned hydrocarbons Unburned hydrocarbons are up to 800% higher in 

DG fueling mode than in standard operation at low and medium loads. At high loads, although 

lower, the hydrocarbon emission still has a higher concentration than when using diesel only 

due to the reduced quantity of air in the cylinder.  

- Carbon dioxide emissions The low carbon content of CNG leads to lower CO2 emissions; 

the higher heating value of methane compared to diesel makes carbon dioxide emissions even 

lower. 

- Carbon monoxide emissions Carbon monoxide can increase its concentration by up to 20% 

compared to burning diesel fuel alone due to the reduction of air in the cylinder. 

- Smoke emission The quantity of PM decreases due to the lower carbon content in the CNG 

molecule.  

- Optimizing diesel engine operation in DG fueling mode 

When using CNG as alternative fuel are the main objectives: reducing specific fuel/energy 

consumption, reducing emissions concentration, increasing power and engine torque. This can be 

achieved by changing the pilot injection advance, diesel pilot quantity, coolant temperature. 

Increasing the quantity of diesel pilot has the effect of increasing in-cylinder pressure, 

decreasing auto-ignition delay and combustion duration, reducing CO concentration in the exhaust 

gas, but causes an increase of up to 52% in the concentration of nitrogen oxides and 150% in the 

concentration of hydrocarbons.  

Reducing the advance on diesel pilot injection results in a reduction of autoignition delay and 

NOx concentration in the exhaust gas but will increase CO and HC concentration in the exhaust 

gas and the specific consumption. 

Disadvantages of using CNG  

- Clogging the diesel injector orifices is a problem that occurs when the injector injects only 

10% of the required quantity of diesel per cycle. This causes the injector tip temperature to rise, 

which in turn causes the volatile fractions to vaporize and the heavy fractions to coke. Adding a 

copper jacket around the injector tip ensures its thermal protection. 

- Compliance with pollution standards requires the development of a high-performance 

electronic diesel and CNG injection control system that can set the optimum ratios for the two fuels 

according to engine speed and load so that both pollution standards and engine power and torque 

requirements are met.  

- CNG direct injection, although it solves the problem of pollutant emissions, still requires 

extensive research to perfect the diesel/gas injector. 

- The in-cylinder pressure rise rate when engine is fueled in diesel-gas mode is higher than 

in mono-fuel mode, which results in a more pronounced combustion noise, and inaccurate control 

of the advance or pilot quantity of diesel fuel injected can lead to detonation.  
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- Storing CNG at 240 bar requires a high cylinder mass and a large occupied volume; the 

small space and low payload of cars make them less eligible for retrofitting with this type of system 

compared to the LPG system. 

 

 

Chapter 3 - Experimental Investigations of CNG-fueled Diesel Engine 

 

 

The first paragraphs of this chapter reviews the laboratory equipment with which the 

experimental investigations were carried out: the compressed natural gas supply system in the 

intake manifold, the Schenck E90 electric eddy current brake, the compression ignition engine with 

the specific modifications for dual mode fueling, the monitoring and control panel, the pollutant 

emission measurement equipment, the air and fuel flow measurement equipment, the diesel fueling 

system, the compressed natural gas supply system. 

   
Figure 3.4 General layout of the engine test bench 

 

Table 3.2 General composition of the experimental test stand 

Crt. 

no. 

Element 

1 Engine 

2 Electric eddy current brake 

3 Cooling unit for the braking system 

4 Data acquisition unit 

5 Oscilloscope  

6 Compressed natural gas injection system control unit 
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7 Control unit and power unit for accelerator pedal actuator servo motor 

8 Servomotor for accelerator pedal operation 

9 Accelerator pedal 

10 Electronic engine control unit 

11 Control unit and power unit for dynamometer 

12 Air volumetric flow meter 

13 Pressure vessel for the storage of compressed natural gas 

14 Manual CNG shut-off valve 

15 CNG pressure regulator/reducer 

16 Pressure gauge for measuring CNG supply pressure 

17 Mass flow meter for measuring CNG consumption  

18 Flame extinguisher 

19 Block of compressed natural gas injectors 

20 Diesel fuel tank  

21 Mass flow meter for measuring diesel fuel consumption 

22 Gas analyzer 

23 Smoke emission measurement enclosure 

24 Ventilator  

25 Crankshaft position translator  

26 Pressure transducer in cylinder 

27 Diesel injector 

28 Turbocharger 

29 Water cooler 

 

The diesel engine is fueled in diesel-gas mode: this procedure involves injecting compressed 

natural gas into the intake manifold; this produces the air-CNG mixture which, once in the 

combustion chamber, is ignited at the end of compression by a diesel pilot, Figure 1.6.  

 

  
Figure 1.6 Schematic diagram of the main elements of a diesel-gas engine test bench for 

performance and stability testing, [26]. 
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The results experimentally determined on a Renault diesel engine K9K K792 for the studied 

regimes (40%, 55% and 70% loads) at 2000 rpm and for different CNG-diesel energy substitution 

coefficients were presented. 

The duration of self-ignition delay decreases in all cases studied. The greatest reduction in 

auto-ignition delay is found at high loads (11°CA for the maximum CNG-diesel energy substitution 

coefficient).  

As the energy substitution coefficient of diesel fuel with CNG increases, the in-cylinder 

pressure diagram will show an increase in the proportion of preformed mixture combustion due to 

the increased homogeneity of the air-fuel mixture in the cylinder. 

Cylinder pressure increases by up to 10% for all loads studied when the substitution 

coefficient reaches its maximum value; this increase is due to the higher net heating value and 

increased homogeneity of the air-fuel mixture in the cylinder. The maximum rate of pressure rise 

is positively influenced when fueling the engine in DG fueling mode; for all energy substitution 

coefficients the proportion of preformed mixture that will burn in the fast burn phase increases. 

Specific energy consumption decreases by up to 50% at low and medium loads and by up to 

38% for 70% loads; for all studied operating regimes, specific energy consumption decreases 

significantly, which is in line with the intent of all vehicle manufacturers: maximum effective 

efficiency with the aim of protecting resources and the environment, [93], [94]. The decrease in 

specific energy consumption is due to the higher lower heating value of compressed natural gas 

and the increased percentage of preformed mixtures combustion. 

The duration of the fast-combustion phase decreases with increasing engine load due to the 

increase in the number of flame nuclei from which combustion will propagate into the preformed 

mixture. CNG injection will increase the duration of this phase and make it less sensitive to 

increasing loads. 

The duration of the diffusive combustion will increase with increasing engine load due to a 

higher quantity of diesel burned in this phase. The injection of CNG will shorten this phase by 

reducing the main diesel dose per cycle and make it more sensitive to increasing load.  

For all the studied regimes the injection of compressed natural gas will increase the quantity 

of heat released per cycle.  

CNG intake will has a positive impact on the heat release rate of the preformed mixture that 

is formed from diesel pre-injection vaporization; DG fueling mode has a negative impact on the 

maximum heat release rate.  

For all regimes studied, compressed natural gas injection has a negative effect on the stability 

of the auto-ignition delay, the end of the fast-burn phase and the end of the diffuse-burn phase. 

If for α5%FMA stability the influence of CNG is high, the CoV for the end of the diffuse combustion 

phase has low values. 

Increased engine load leads to improved combustion stability. 

The injection of compressed natural gas has a predominantly negative influence on the 

coefficient of variation of the maximum in-cylinder pressure; this phenomenon can occur due to 
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imprecise control of the quantity of CNG admitted into the cylinder. Fueling the engine in DG 

mode has very little impact on the CoVpmax . 

The mean indicated pressure is positively influenced by CNG injection for all the regimes 

studied; reducing the species variation of the fuel dose per cycle can give similar values of the 

specific mechanical work done on different cycles. 

CNG injection causes a decrease in carbon dioxide emissions for all studied engine operating 

regimes; increasing engine load causes a reduction in CO2 concentration when using CNG; while 

at low loads the CO2 concentration decreases by 20% at 70% load it does not decrease by more 

than 7%. The decrease in CO2 emissions is due to the low carbon concentration in the composition 

of the alternative fuel. Considered a major contributor to the greenhouse effect, carbon dioxide is 

also currently setting the threshold for charging companies for both vehicle production and engine 

emission levels; current studies show methods of reducing carbon dioxide in the atmosphere by 

capturing it [95]. 

At low and medium loads, the emission of nitrogen oxides is up to 10% higher when the 

engine is fueled in DG mode; at 70% load, CNG injection has a positive influence, with the engine 

emitting up to 33% less NOx. The following factors can positively influence the NOx 

concentration: less air available per cycle (substituted by CNG), lower temperature of the flame 

produced by CNG and shorter formation time (due to the increased percentage of the fast 

combustion phase). 

  When the engine is fueled in DG mode, the emission of unburned hydrocarbons is higher 

for all studied engine speeds (conclusion also confirmed by [96] for the studied engine speeds). 

The main factors are: CNG trap in the piston-cylinder crevices and CNG passing directly into the 

exhaust manifold during valve opening overlap. For low loads lean-burn flame quenching may be 

another reason for increased emission of unburned hydrocarbons.  

Smoke emission is influenced in different ways: 

 At low loads the compressed natural gas supply increases the smoke emission, primarily 

due to incomplete combustion promoted primarily by the low engine thermal regime.  

 At medium loads, against the background of increasing cylinder temperature, the general 

trend is a decrease in smoke emission with increasing substitution ratio xc. 

 At high loads there is a 30% decrease in smoke emissions with increasing substitution ratio 

xc,  

 

Chapter 4 - Modelling of numerical processes in the compression ignition engine cylinder 

 

In order to build a model that would generate data with values similar to those determined 

experimentally, we started from a predefined AMESIM system: Engine_SingleCylinder_Diesel. 

This model underwent a number of modifications: the in-cylinder combustion model was replaced 

by one using a 12-gas fluid; the models of the intake manifold respectively exhaust manifold were 

replaced by models for constant volume and pressure enclosures also using 12-gas fluid; injectors 

were added for more accurate simulation of diesel injection (pre-injection, main and post injection), 

a new injection system for compressed natural gas supply was added; although the initial 

modification represented the physical system (indirect injection into the intake manifold), the 
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limitations of the AMESIM software tool (natural gas admitted to the cylinder together with the air 

required for combustion is not considered fuel but burnt gas) led to the addition of a direct fuel 

injection system for which injection was done at 120 °CA before PMI, Figure 4.2; taking advantage 

of the model parameterization that all fuel injected before the start of combustion will generate by 

vaporization preformed mixture and burn in the fast combustion phase, we can say that with CNG 

injection the share of preformed mixture will increase and the combustion in the cylinder will 

acquire features similar to the combustion of homogeneous mixtures; the model built is 

representative for further investigations. 

 

 
Figure 4.2 Numerical model for combustion simulation in standard and DG mode single-cylinder 

diesel engine 

After optimization, the system contains the following submodels:  

- the generator for engine speed (PM000); 

- model for measuring the indicated mean pressure (ENGMEPSE11); 
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- model for the calculation of the engine torque (ENGCRK31); 

- source for zero torque (T000); 

- model for simulating combustion in a diesel engine cylinder (ENG12DFM00); 

- model for the lower part of the engine head where heat transfer, the quantity of air admitted to 

the cylinder and the quantity of exhaust gases are calculated) (ENG12CYLH030); 

- the model for the upper part of the engine head where the valve lift law and the angular position 

synchronization of the crankshaft (ENGCYLH010) are implemented; 

- constant temperature and pressure sources (ENGCS001); 

- multiple injection joints (ENGMINJ01); 

- angular position sensor (ENGGLBAS21); 

- crankshaft position generator (ENGGLBA11); 

- pressure sensor (ENGTFPSE02); 

- volume with heat input according to the use of 12-gas engine fluid (ENG12CH03); 

 

The global calibration of the model is achieved through the following categories of parameters:  

- definition of the fluid involved in the combustion process (air, diesel, CNG, and exhaust gas). 

These parameters represent the physical and chemical properties of the engine fluid (air, fuel, 

exhaust gas) on which the mathematical model will operate. This submodel uses 12 gases (Fuel, 

N2 , O2 , H2 , H2 O, CO, CO2 , NO, NO2 , HC, NH3 , PM particles) and one liquid (for the liquid 

the values x, y respectively z in CxHyOz will be parameterized to calculate the fuel vaporization 

time). The main fuel parameters used by the mathematical model are: lower heating value, 

carbon, hydrogen, oxygen content, fuel density in liquid state, specific heat of fuel in liquid 

state, latent heat of vaporization, specific heat at constant pressure, viscosity, thermal 

conductivity, perfect gas constant.  

- the engine definition contains the physical characteristics of the engine that influence its 

performance. 

- the definition of the intake / exhaust valve, provides the possibility to modify the dimensions, 

the opening/closing moments as well as the valve lift laws. 

- global parameterization to increase efficiency in working with the AMESIM software tool: for 

example, if a general temperature used by several submodels is required, it can be entered in a 

set of global parameters; this temperature will be updated simultaneously in all submodels using 

it. 

- local parameterization for each subsystem (e.g.: with the PM000 engine speed was set, model 

for in-cylinder combustion simulation: initial temperature and pressure conditions, injector 

physical characteristics, parameters specific to auto-ignition delay calculation, parameters 

specific to combustion calculation, parameters specific to pollutant emission calculation, 

parameters specific to heat loss calculation). 

Optimal calibration of the mathematical model has resulted in obtaining calculated values very 

similar to those obtained by experimental investigation. Hourly fuel and air mass consumption 

were used to calibrate the model. In the following figure the in-cylinder pressure diagrams for 

engine operating in standard mode at studied loads are presented. They represented benchmark and 

were compared to the in-cylinder diagrams obtained when the engine was fueled in D-G mode. 
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Figure 4.17 In-cylinder pressure evolution calculated /  

obtained by experimental investigation at 40% load 

 

 
Figure 4.18 In-cylinder pressure evolution calculated /  

obtained by experimental investigation at 55% load 
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Figure 4.17 In-cylinder pressure evolution calculated /  

obtained by experimental investigation at 70% load 

 

 

Chapter 5 - Comparative analysis of the results of experimental and theoretical 

investigations 

 

Based on the mass shares of each fuel injected per cycle, values for the equivalent parameters 

used by the model were identified:  

- lower heating value; 

- the fraction of carbon and hydrogen atoms in the fuel molecule; 

- the density of the fuel in liquid form; 

- the specific heat of the fuel in liquid form; 

- reference temperature for the latent heat of vaporization of the fuel; 

- specific heat at constant pressure; 

- absolute viscosity; 

- thermal conductivity; 

- specific gas constant.  

For each of the 15 cases experimentally investigated, a version of the mathematical model was 

developed for the calibration of which, in addition to the parameters mentioned in the previous 

paragraph, the following parameters were used: quantity and temperature of air admitted to the 

cylinder, boost pressure, exhaust gas temperature, mass of each fuel per cycle. 

Among the advantages of using a precisely constructed and parameterized mathematical 

model are the reduction of the cost of experimental tests and possible failures due to operating 

errors of the physical system (exceeding certain temperature, pressure or speed thresholds, etc.); at 

the same time, with the help of the mathematical model, the engineer can make a very large number 

of iterations for different operating regimes; of these he will subject to experimental investigation 
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only those of interest; this reduces the time spent in the cell for experimental tests; also among the 

advantages is the physical protection of the cell for experimental investigations by identifying 

critical operating regimes and avoiding them during the tests.  

The model used to simulate combustion in compression ignition engine, both standard and DG 

fueled, was based on an existing model in the AMESIM library but underwent a number of 

modifications to bring the calculated data closer to the experimentally determined data.  

The following conclusions have been made about the performance of the thermo-geodynamic 

model:  

The cylinder pressure variation was calculated using the following parameters: air quantity 

per cycle, quantities of each fuel per cycle, boost pressure, intake air temperature, exhaust gas 

temperature. For all three loads analyzed it was observed that the model manages to calculate in-

cylinder pressure values very close to those determined experimentally. Also for all the studied 

regimes it is observed a lack of accuracy in the calculation of the pressure drop due to the heating 

of the main dose droplets (the heat lost for the preheating of the diesel droplets is neglected) and 

the increase of the calculated cylinder pressure towards the end of the combustion above the 

experimentally determined one (due to the lower heating value calculated on the basis of the mass 

shares of each fuel); these drifts have very little impact on other quantities.   

The quantity of heat release and the maximum heat release rate obtained by calculation have 

small deviations from the experimentally determined values. The heat quantity will not show 

dispersions greater than 10%; with increasing engine load the calculation of the maximum heat 

release rate becomes more accurate reducing from 20% errors at low loads to 5% errors at high 

loads; increasing engine running stability makes it easier to determine the maximum heat release 

rate by calculation. 

PM particle concentration and opacity 

The assessment of the smoke emission is based on the calculation of the weight of PM particles 

in the exhaust gas. By comparing these plots with the experimentally determined opacity value 

plots it can be seen that the model confirms the trends observed during the experimental 

investigation;   

The carbon dioxide concentration shows similar trends to those determined experimentally 

in all cases studied. Drifts of less than 5% can be identified for all the regimes studied. 

The concentration of nitrogen oxides is accurately determined by the mathematical model for 

all the regimes studied. 

The carbon monoxide concentration analysis determined by the model shows up to 6-fold 

increases in carbon monoxide emissions once the maximum CNG-diesel energy substitution 

coefficient is reached independent of the engine speed studied. 

Influence of engine load on oxygen concentration in the exhaust gas  

Theoretical values of O2 concentration show a reduction in the quantity of oxygen in the 

combustion gases with increasing load both at standard engine fueling and DG mode fueling.  

Further use of the mathematical model 

Successful completion of the parameterization and validation stages of the mathematical 

model makes it possible to analyze the influence of fueling the diesel engine in DG mode in greater 

depth; through calculation it is possible to obtain the values of some quantities or parameters that 
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could not be determined experimentally: the evolution of temperatures (in-cylinder, of the burnt 

gases, of the fresh charge), the quantity of unburned fuel remaining in the cylinder, the quantity of 

burnt gases remaining in the cylinder, the force of pressure of the gases on the piston, etc.   

The optimizations to be made to the thermo-geodynamic model are:  

- identification of each fuel used;  

- use of fuel injected into intake manifold close to the inlet valve;  

- transforming input quantities (e.g. temperatures, pressures, injection times, or flow rates) from 

constant values into charts that take into account variable engine parameters;  

- the use of a complete engine with all four cylinders in order to take into account influences (e.g. 

gas-dynamic influences from intake/exhaust manifolds);  

- activation of the blow-by function (loss of gas past the piston in the lower crankcase);  

development and activation of the non-aqueous hydrocarbon concentration scale. 

 

 

Chapter 6 - Conclusions, personal contributions and future research directions 

 

 

6.1 FINAL CONCLUSIONS 

 

 

The main objective of this work was to analyze the influence of the use of compressed natural 

gas in a diesel engine fueled in diesel-gas mode.  

Theoretical and experimental research on the supply of the diesel car engine with compressed 

natural gas in D-G mode allows the following conclusions to be drawn: 

- Reduced auto-ignition delay duration at increased energy substitution of diesel with CNG at 

all investigated engine loads due to increased homogeneity of the air-fuel mixture. 

- Reduced combustion duration when increasing the degree of energy substitution of diesel 

with CNG due to increased percentage of preformed blends combustion.  

- Reduction of the maximum heat release rate by 12% at 70% engine load when increasing the 

degree of energy substitution.  

- 25% increase in maximum heat release rate at 55%. 

- At low engine loads the influence of CNG on the maximum heat release rate is negligible. 

- Increased maximum in-cylinder pressure due to increased quantity of pre-formed mixture.  

- Increase of the maximum rate of pressure rise for all CNG diesel energy substitution 

coefficients due to an increase in the share of preformed mixture. 

- Decrease in effective specific consumption by up to 50% at low and medium loads and by 

up to 38% for 70% loads due to the increased percentage of the preformed mixtures and the higher 

lower heating value of compressed natural gas than diesel. 

- The increase in mean indicated pressure an increase in the degree of energy substitution of 

diesel with CNG for all the studied regimes due to the lower heating value of compressed natural 

gas and the increase in the percentage of the fast combustion phase.  
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- Reduction of carbon dioxide concentration in exhaust gas by 7% at high loads and 20% at 

low loads when increasing the degree of energy substitution of diesel with CNG due to lower 

carbon content of natural gas. 

- Reduction of nitrogen oxide emissions by up to 33% at high engine loads when increasing 

the degree of energy substitution of diesel with CNG due to the reduction of the quantity of air in 

the cylinder and the reduction of the gas temperature. At low and medium engine loads, the 

concentration of nitrogen oxide emissions is up to 10% higher with increasing energy substitution 

of CNG diesel. 

- Increased concentration of unburned hydrocarbons as an effect of preformed mixture 

blockage in cylinder crevices, direct CNG discharge during overlapping valve opening and 

possibly flame extinction at low loads. 

- At low loads the compressed natural gas supply increases the smoke emission, primarily due 

to incomplete combustion promoted by the low engine thermal regime.  

- At medium loads, as cylinder temperatures rise, the general trend is for smoke emissions to 

decrease as the energy substitution ratio of diesel to CNG increases. 

- At high loads there is a 30% decrease in smoke emissions with an increase in the energy 

substitution ratio of diesel to CNG.  

 

The use of compressed natural gas in D-G fueling mode to power diesel car engines, with its 

positive influence on pollutant and greenhouse gas emissions and on the indicated mean pressure, 

is an alternative with a positive impact on air quality in urban or highly industrialized areas, 

contributing to an increased quality of life.  

  

6.2 PERSONAL CONTRIBUTIONS 

 

The main personal contributions to the development of the PhD thesis are:  

- Analysis of the international context on the further reduction of pollutant emissions and 

greenhouse gases by using CNG as an alternative fuel for the diesel car engine.  

- Analysis of the physical and chemical properties of the two fuels used to power the diesel 

engine under investigation and determination of the implications for its operation. 

- Analysis of some technological processes for obtaining, storing and transporting 

compressed natural gas in order to establish more efficient production solutions.  

- Analysis of methods of fueling the automotive engine with compressed natural gas. 

- Analysis of the current state of research in the field and its development with new 

information obtained through theoretical and experimental research. 

- Upgrading the engine test bench in order to carry out experimental investigations specific 

to the general objective of the PhD thesis - fueling a car diesel engine in D-G mode with diesel and 

compressed natural gas. 

- Establishment of a suitable procedure for conducting experimental investigations of the 

compressed natural gas-fueled automotive diesel engine in D-G mode. 

- Processing and interpretation of the results of experimental investigations. 
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- Development and parameterization of an AMESIM numerical model for simulation of 

numerical processes in the cylinder of compressed natural gas-fueled automotive diesel engines. A 

major activity has been the identification of a method to overcome the limitation of the standard 

AMESIM numerical model (lack of possibility to model diesel-gas fueling). 

- Validation of the developed numerical model. 

- Dissemination of theoretical and experimental research results in journals with national and 

international circulation and in volumes of prestigious international conferences. 

- Participating in development programs in engineering related fields organized by the 

National University of Science and Technology POLITEHNICA BUCHAREST, as a PhD 

student, gave me new perspectives and the opportunity to apply the knowledge acquired in other 

fields: developing a business plan based on the technical knowledge acquired during the thesis.  

 

6.3 FUTURE RESEARCH DIRECTIONS 

 

The theoretical and experimental research carried out by the author opens new research 

directions on the efficient use of compressed natural gas in automotive diesel engines:  

- CNG injection into the inlet/direct valve gate in the engine cylinder and individual and 

synchronized control of the compressed natural gas injectors. 

- Efficient interfacing of the two control units (standard diesel engine electronic control unit 

and CNG injection electronic control unit) at all operating speeds.  

- Optimize engine tuning (diesel injection advance, diesel pilot size, CNG consumption, 

dosage, etc.) at all engine operating speeds. 

- Conduct experimental investigations under real conditions, at operating regimes commonly 

used in service. 

- Parameterization optimization of the AMESIM thermo-geodynamic model when using 

CNG in D-G mode. 

- Activating the blow-by function. 
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