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ANALYSIS OF THE SHARE OF NATURAL GAS IN THE TOTAL FUEL 
SUPPLY DOSE ON THE COMBUSTION PROCESS IN A CRDI ENGINE 

 
Summary. Natural gas is one of the potential combustion engine fuels whose 

proportion in the overall energy balance is expected to increase. Owing to some of its 
properties, its use requires a dual-fuel supply system; thus, the use of natural gas as a fuel 
for diesel engines is currently limited. Systems that supply gas fuel to diesel engines do 
not usually interfere with the engine control system. This solution significantly reduces 
system-installation costs. However, as demonstrated in the present study, it considerably 
changes the course of the combustion process, which increases thermal and mechanical 
loads. In this case, the combustion process can be controlled by changing the liquid fuel 
injection pressure or advancing the injection angle. This, however, requires interference 
with the engine control system. 

 
 

1. INTRODUCTION 
 

Numerous efforts have been made to reduce toxic compound emissions into the atmosphere by 
means of transport, and limited oil resources necessitate the search for new combustion engine fuels. 
When analysing the current trend of research into the use of alternative combustion engine fuels, it 
should be assumed that the significance of gaseous fuels will continue to increase in the near future. 
Natural gas will represent the largest proportion of gaseous fuels due to its relatively large resources 
and its favourable hydrogen-to-carbon ratio, which guarantees reduced CO2 emissions [1-5].  

The main component of natural gas is methane. Therefore, this fuel can be used directly to power 
spark-ignition (SI) engines. The use of natural gas is much more efficient than diesel, as diesel engines 
are hampered due to the high methane compression ignition (CI) temperature (approx. 840 K), which 
necessitates the use of an external ignition source [2,6]. The most commonly used source of gaseous 
fuel ignition in diesel engines is a small dose of diesel fuel, whose CI triggers the combustion of gas 
and air mixture. Currently, the main reason for using natural gas to power CI engines is to reduce 
operating costs. Commercially available systems for engines of this type enable a relatively simple 
adaptation of the engines to operate within a dual-fuel system. Unfortunately, they are primarily used 
to reduce fuel consumption costs; much less attention is given to optimising the combustion process, 
which has a major impact on the overall engine efficiency and toxic compound emissions [6-7]. 

In engines operating on liquid fuel, the course of combustion can be controlled by modifying the 
fuel injection characteristics inter alia by dividing the fuel dose into several portions or changing the 
injection pressure. Regarding the diesel engine dual-fuel supply, natural gas is generally supplied with 
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air as the cylinder is filled with a homogeneous gas and air mixture with a constant excess air ratio. 
The injection of the first liquid-fuel dose can trigger the combustion of gaseous fuel found in the 
cylinder, and further fuel propagation is determined by the mixture parameters. Therefore, in this case, 
the control of the combustion course is limited to controlling the ignition onset by selecting the liquid 
fuel dose, its spraying, and the injection advance angle. Further gaseous fuel combustion is specified 
by both the conditions prevailing in the cylinder and the properties of the gaseous fuel and air [8-12]. 

Therefore, the course of combustion in a dual-fuel CI can be expected to differ considerably from 
the course of combustion in a classical engine, which has a considerable effect on engine efficiency 
and the levels of toxic compound emissions into the atmosphere.  

Several previous studies [2, 6-7, 10-13] involved the use of a fuel supply system programmed to 
operate with liquid fuel was used. The results indicate that increasing the proportion of gaseous fuel in 
the supply dose reduces the temperature during compression, which prolongs the fuel self-ignition lag. 
Meanwhile, in a later combustion phase, the heat release rate increases, as do the maximum 
combustion temperatures. The results clearly show that for diesel engine dual-fuel supply, the way of 
fuel supply control must be different from the single-fuel operation.  

The course of combustion in a dual-fuel engine can also be controlled by changing the pilot dose 
injection pressure [8, 14]. A change in the injection pressure allows the pilot dose injection time to be 
changed. It also enables control over the range of the liquid fuel jet sprayed in the cylinder, which 
affects the flame propagation in the cylinder. Another way to control the course of combustion in a 
dual-fuel engine is to adjust the pilot dose injection advance angle [11, 15-17]. 

Therefore, for engine dual-fuel supply, new control systems need to be developed to optimise 
engine operation. To this end, numerous research centres are carrying investigating the effect of 
individual control parameters. The vast majority of these studies concern the effect of individual 
parameters on toxic compound emissions [1, 11-13, 18-20]. 

The cited literature has focused primarily on the environmental aspects of the use of gaseous fuels 
in diesel engines. It can be assumed, however, that a change in the course of combustion, which results 
in a change in the pressure increase acceleration, can alter the mechanical loads, while a change in the 
course of heat evolution can result in a change in thermal loads on the engine. The vast majority of 
studies conducted to date contain no reference to the contribution of such a supply to a change in 
mechanical and thermal loads that significantly influence engine operation. 
 
 
2. METHODOLOGY AND THE STUDY OBJECT 
 
Tests for the possible use of NG to fuel CI engines were conducted on an ADCR-type engine (Andoria 
Common Rail). The technical specifications of this engine are shown in Table 1 [3]. 

The test engine was mounted on an engine test bench (Fig. 1) comprised of: 
- an eddy current brake AVL DynoPerform 240; 
- a fuel consumption measurement system AVL 735S; 
- an engine speed control system AVL THA100; 
- an engine test bench management system; and 
- a PUMA Open measurement data acquisition system. 
The dual-fuel supply of the engine was enabled by installing a gas mixer upstream of the 

compressor in the inlet system. 
During the tests, the engine was supplied with fuel in two ways: 

- using a manufactured Bosch Common Rail 2.0 fuel supply system controlled by a Bosch 
EDC16C39 controller and 

- using a laboratory supply system that enabled the adjustment of the dose, pressure, and liquid fuel 
injection advance angle values. 

The applied measurement system ensured the measurement of basic engine operating parameters 
(i.e. fuel consumption, torque, and engine speed). In addition, the engine test bench control board 
allowed the pre-determined constant crankshaft speed to be maintained. It made it possible to maintain 
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the engine load at the pre-set level due to the coupling of the engine load controller with the engine 
test bench control system [21]. 

Table 1 
Technical specifications of the ADCR engine [3] 

 
Engine  ADCR 
Engine type 4-stroke diesel engine, turbocharged 
Fuel injection Common Rail 2.0 
Cylinder number and arrangement 4 cylinders 
Swept volume 2636 cm3 
Compression ratio 17.5 : 1 
Cylinder diameter/piston stroke 94/95 mm 
Maximum torque/rotational speed 250 N·m/1800-2200 rpm  
Power rating / rotational speed (according to ISO 
1585) 85 kW / 3700 rpm  

Specific fuel consumption at the maximum 
engine torque (according to ISO 1585) 210 g/kWh 

Minimum idle speed 750 rpm 
Turbosupercharger radial, with an exhaust gas vent valve 
Exhaust gas recirculation  EGR pneumatic  

 

 a  b 
Fig. 1. (a) The test engine and (b) the engine test bench control board 

A Kistler 6056A sensor adapter was screwed in instead of the heating plug in the first engine 
cylinder to record pressure changes in the combustion chamber [3]. The measurement of the 
instantaneous position of the engine crankshaft was ensured by installing an encoder on the free end of 
the crankshaft. In this case, the angle marker resolution was 720 points per revolution. E-type high-
methane natural gas (available in the municipal grid) with a methane content of approximately 97.8% 
and a declared calorific value of 36,335-36,374 MJ/m3 was used as the gaseous fuel. 

The pressure courses in the combustion chamber as a function of the crank angle (recorded during 
the measurements) were used to calculate the combustion parameters. The combustion course was 
analysed based on 50 successive engine operating cycles. Before the recorded results were used for 
calculations, the recorded courses were averaged by calculating the arithmetic mean from the recorded 
courses for each course point. Numerical procedures were applied for further calculations. Precise 
descriptions of the methods were presented by Shepel et al. [3]. 
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3. STUDY RESULTS AND THEIR ANALYSIS 
 
3.1. The effect of natural gas on the course of combustion  

 
As previously mentioned, during the first stage of testing, the engine was supplied using a 

conventional CR 2.0. The engine operation was controlled by an EDC16C39 controller programmed 
to operate on liquid fuel. The air supply system was modified to supply gaseous fuel to the engine, and 
a gaseous fuel supply system was mounted upstream of the turbosupercharger. This solution supplied 
a homogeneous mixture of gaseous fuel and air to the engine. 
The energy contribution of gaseous fuel (Ug) in the engine supply dose was determined based on the 
following equation: 

                                                          (1) 

where: 
𝒎̇𝒅𝒇 - diesel oil jet during the single-fuel operation [kg/min]; 
𝒎̇𝑵𝑮 - CNG jet supplied to the engine [NI/min]; 
Wdf - diesel oil calorific value [kJ/kg]; and 
WNG - NG calorific value [kJ/Nl]. 

Therefore, the percentage of the energy supplied with gaseous fuel Ug indicated the amount of 
energy supplied to the engine in the form of gaseous fuel in relation to the energy supplied to the 
engine with liquid fuel during the single-fuel operation. 

The controller, which was initially applied to control the test engine depending on the load, 
followed two fuel injection strategies. At lower loads, the fuel dose was divided into two portions – 
the initial jet and the main dose – while at higher loads, a single fuel dose was injected. 

Fig. 2 shows the course of pressure changes in the test engine cylinder and the calculated engine 
operating parameters at a rotational speed of 1500 rpm and a load of 100 Nm during the operation of 
the engine supplied with diesel oil and during the operation of the engine in a dual-fuel system with 50 
and 75% proportions of gaseous fuel. 

The pressure courses show that increasing the gaseous fuel proportion in the supply dose increases 
the maximum pressure in the combustion chamber increases. An analysis of the heat evolution course 
shows that an increase in the fuel proportion in the supply dose accelerates the heat release. This is 
because, for the analysed loads, a diesel oil pilot dose is injected, which burns under the single-fuel 
operation conditions and improves the main dose combustion conditions. Meanwhile, when natural 
gas is present in the cylinder, the pilot dose self-ignition triggers the combustion of NG, whose 
combustion intensity is determined by the properties of the gas and air mixture. At high gaseous fuel 
proportions, the self-ignition of the pilot dose triggers gaseous fuel combustion within the entire 
combustion chamber, which considerably accelerates heat release and reduces overall engine 
efficiency. The earlier heat release results in a more rapid temperature increase in the combustion 
chamber, which (at large gaseous fuel proportions) increases the maximum temperature. An analysis 
of the course of pressure increment changes in the cylinder shows that, since the pressure increment 
does not exceed 0.2 MPa/crankshaft rotation degree, no excessive loads are imposed on the piston-
crank system. 

The testing results at a speed n=3000 rpm and a load of 100 Nm, obtained for the engine operating 
under the single-fuel operation conditions at 45% and 65% proportions of gaseous fuel, are provided 
in Fig. 3. At this rotational speed, the fuel dose is injected as a single dose at high loads and is divided 
into two portions at low loads. In the single-fuel operation in the case being analysed, one fuel dose is 
injected, similarly to the option of the 45% proportion of gaseous fuel. At gaseous fuel proportions 
exceeding 50%, the fuel dose is divided into two portions due to the considerable reduction in the 
diesel fuel dose. 

The results presented in Fig. 3 show that higher engine loads and significant proportions of gaseous 
fuel fundamentally change the course of combustion. During the load compression in the cylinder, the 
temperature decreases considerably, which prolongs the self-ignition lag. However, for small doses of 
diesel fuel – meaning that the fuel dose is divided into two portions –the early injection of the liquid 
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fuel pilot dose results in the premature ignition of gaseous fuel, which leads to earlier heat release, 
contributing to a reduction in engine efficiency. At significant gaseous fuel proportions in the supply 
dose, the pressure increment rate (dp/da) also increases, which can increase the dynamic loads 
imposed on the piston-crank system and the power transmission system. 

 

 
 
Fig. 2. The course of changes in combustion parameters depending on the share of natural gas in the supply dose  
            at n=1500 and M= 100 Nm 
 

Fig. 4 shows the effect of the natural gas proportion in the engine supply dose on the overall 
efficiency of an engine using a system programmed for the standard operation with liquid fuel. The 
figure clearly shows that an increase in the gaseous fuel proportion in the supply dose, where this 
engine supply method is applied, decreases the overall engine efficiency. This is primarily due to the 
change in the course of combustion in the cylinder, which is caused by the presence of natural gas. 
The decrease in overall engine efficiency increases the thermal loads imposed on the engine. 

 
3.2. The effect of liquid fuel pilot dose parameters on the course of combustion 
 

The conventional solution of the common rail system fails to ensure the proper progress of the 
combustion process and causes a significant reduction in engine efficiency. Therefore, tests were 
conducted to determine the effect of individual liquid fuel dose parameters on the course of the 
gaseous fuel combustion process. To this end, the conventional supply system was replaced with a 
laboratory system, which the diesel oil pilot dose parameters to be changed.  

Fig. 5 shows the effect of the liquid fuel pilot dose injection pressure on the pressure course, as 
well as the release of heat in the combustion chamber at a 20% diesel oil dose. Fig. 6 shows the 
changes in the overall engine efficiency due to the pressure of the initial fuel dose. 
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Fig. 3. The course of changes in combustion parameters depending on the share of natural gas in the supply dose  
            at n=3000 and M= 100 Nm 

 

 
Fig. 4. Differences in the overall engine efficiency based on the share of natural gas in the fuel supply dose at  
           n=3000 rpm and M=200 Nm 
 

As Fig. 5 shows, the diesel oil pilot dose injection pressure significantly changes in the course of 
combustion. Along with an increase in the injection pressure of the liquid fuel dose, the range of the 
sprayed fuel jet increases, which improves flame propagation in the cylinder. This speeds up heat 
release and increases the temperature in the engine cylinder. Increasing the liquid fuel pilot dose 
injection pressure enhances engine efficiency beyond the efficiency achieved with the single-fuel 
operation. Unfortunately, increasing the pilot dose injection pressure also significantly increases the 
pressure in the cylinder and the pressure increments as a function of the crankshaft rotations. These 
outcomes result in higher mechanical loads on the piston-crank system. 
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Fig. 5. The course of changes in combustion parameters depending on the injection pressure at n=3000 with a  
            20% liquid fuel supply dose 

 

 
Fig. 6. Influence of the injection pressure of the constant fuel dose on the value of effective pressure and the  
           overall efficiency of the engine at n=3000 rpm with a 20% liquid fuel supply dose 
 

The effect of the initial dose of diesel fuel oil injection advance angle on the course of natural gas 
combustion in the combustion chamber is presented in Fig. 7 (with a diesel oil dose of 20%). The 
figure clearly shows that the injection advance angle has a substantial effect on the course of pressure 
increment and heat release. Increasing the initial fuel dose injection angle causes the combustion of 
gas and air mixture to occur earlier, which considerably increases the pressure in the engine cylinder 
and accelerates heat release.  

The effect of the initial liquid fuel dose injection advance angle on the course of changes in 
effective pressure and the overall engine efficiency is presented in Fig. 8. The figure clearly shows that 
the injection advance significantly affects engine efficiency. However, at higher angle values, the 
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maximum pressure in the engine cylinder increases considerably (Fig. 7), which increases the load 
imposed on the piston-crank system. 

 
Fig. 7. The course of changes in combustion parameters depending on the injection advance angle at n=3000  
            with a 20% liquid fuel supply dose 

 
 

4. CONCLUSIONS 
 

The results of the study on the use of natural gas to power compression ignition engines led to the 
following conclusions: 
1. The gaseous fuel proportion in the supply dose of a compression ignition engine has a significant 

effect on the course of the combustion process, which, in turn, determines the overall engine 
efficiency and the mechanical and thermal loads imposed on the engine. For relatively small 
gaseous fuel proportions (i.e. less than 50% of the total supply dose), the combustion process 
differs slightly from the combustion process in single-fuel operation. Meanwhile, greater 
proportions of gaseous fuel in the supply dose result in excessive pressure increases in the 
combustion chamber, which considerably increases the mechanical and thermal loads imposed on 
the engine. 

2. In modern common rail fuel supply systems, the premature injection of the diesel oil pilot dose can 
trigger the combustion of natural gas, which adversely affects the course of combustion while 
generating excessive loads on the piston-crank system and the engine cooling system. An 
excessively large proportion of gaseous fuel in the supply dose can result in an uncontrolled course 
of combustion. 

3. The course of combustion in a dual-fuel compression ignition engine can be controlled by 
appropriately selecting the liquid injection pressure and changing the diesel oil injection advance 
angle. However, these tasks interfere with the engine control system, which considerably increases 
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the cost of installing the system supplying liquid fuel to the engine while allowing the combustion 
in the engine to be controlled. This outcome increases engine efficiency and lightens mechanical 
and thermal loads imposed on individual engine systems. 

 
 
Fig. 8. The effect of pilot dose injection advance angle on the effective pressure value and the overall engine  
            efficiency at n=3000 rpm 

 
 

References 
 
1. McCaffery, C. & Zhu, H. & Tang, T. & Li, C. & Karavalakis, G. & Cao, S. & Oshinuga, A. & 

Burnette, A. & Johnson, K.C & Durbin, T.D. Real-world NOx emissions from heavy-duty diesel, 
natural gas, and diesel hybrid electric vehicles of different vocations on California roadways. 
Science of The Total Environment. 2021. Vol. 784(147224). 
DOI: https://doi.org/10.1016/j.scitotenv.2021.147224. 

2. Mikulski, M. & Wierzbicki, S. & Śmieja, M. & Matijošius, J. Effect of CNG in a fuel dose on 
compression-ignition engine’s combustion process. Transport. 2015. Vol. 30(2). P. 162-171. 
DOI: http://dx.doi.org/10.3846/16484142.2015.1045938. 

3. Shepel, O. & Matijošius, J. & Rimkus, A. & Duda, K. & Mikulski, M. Research of parameters of 
a compression ignition engine using various fuel mixtures of hydrotreated vegetable Oil (HVO) 
and Fatty Acid Esters (FAE). Energies. 2021. Vol. 14(3077). 
DOI: https://doi.org/10.3390/en14113077. 

4. Fabiś, P. DME as a fuel for SI engines cars. Diagnostyka 2021. Vol. 22(1). P. 93-99. 
DOI: https://doi.org/10.29354/diag/133476.  

5. Ramachander, J. & Gugulothu, S.K. & Ravikiran Sastry, G. & Siva Surya, M. Statistical and 
experimental investigation of the influence of fuel injection strategies on CRDI engine assisted 
CNG dual fuel diesel engine. International Journal of Hydrogen Energy. 2021. Vol. 46(42). 
P. 22149-22164. DOI: https://doi.org/10.1016/j.ijhydene.2021.04.010. 

6. Witaszek, K. Modeling of fuel consumption using artificial neural networks. Diagnostyka. 2020. 
Vol. 21(4). P. 103-113. DOI: https://doi.org/10.29354/diag/130610.  

7. Yuvenda, D. & Sudarmanta, B. & Wahjudi, A. & Muraza, O. Improved combustion 
performances and lowered emissions of CNG-diesel dual fuel engine under low load by 
optimizing CNG injection parameters. Fuel. 2020. Vol. 269(117202). 
DOI: https://doi.org/10.1016/j.fuel.2020.117202. 

8. Meng, X. & Zhou, Y. & Yang, T. & Long, W. & Bi, M. & Tian, J. & Lee, F. An experimental 
investigation of a dual-fuel engine by using bio-fuel as the additive. Renewable Energy. 2020. 
Vol. 147(1). P. 2238-2249. DOI: https://doi.org/10.1016/j.renene.2019.10.023. 

9. Ryu, K. Effects of pilot injection pressure on the combustion and emissions characteristics in a 
diesel engine using biodiesel – CNG dual fuel. Energy Conversion and Management. Energy 



150                                                                             S. Wierzbicki, G. Boruta, Ł. Konieczny, B. Łazarz 
 

Conversion and Management. 2013. Vol. 76. P. 506-516. 
DOI: http://dx.doi.org/10.1016/j.enconman.2013.07.085. 

10. Lee, C. & Pang, Y. & Wu, H. & Nithyanandan, K. & Liu, F. An optical investigation of 
substitution rates on natural gas/diesel dual-fuel combustion in a diesel engine. Applied Energy. 
2020. Vol. 261(114455). DOI: https://doi.org/10.1016/j.apenergy.2019.114455. 

11. Hall, C. & Kassa, M. Advances in combustion control for natural gas–diesel dual fuel 
compression ignition engines in automotive applications: A review. Renewable and Sustainable 
Energy Reviews. 2021. Vol. 148(111291). DOI: https://doi.org/10.1016/j.rser.2021.111291. 

12. Lee, S. & Kim, C. & Lee, S. & Lee, K. & Kim, J. Diesel injector nozzle optimization for high 
CNG substitution in a dual-fuel heavy-duty diesel engine. Fuel. 2020. Vol. 262(116607). 
DOI: https://doi.org/10.1016/j.fuel.2019.116607. 

13. Yuvenda, D. & Sudarmanta, B. & Wahjudi, A. & Muraza, O. Improved combustion 
performances and lowered emissions of CNG-diesel dual fuel engine under low load by 
optimizing CNG injection parameters. Fuel. 2020. Vol. 269(117202). 
DOI: https://doi.org/10.1016/j.fuel.2020.117202. 

14. Yang, B. & Wang, L. & Ning, L. & Zeng, K. Effects of pilot injection timing on the combustion 
noise and particle emissions of a diesel/natural gas dual-fuel engine at low load. Applied Thermal 
Engineering. 2016. Vol. 102. P. 822-828.  
DOI: http://dx.doi.org/10.1016/j.applthermaleng.2016.03.126. 

15. Xu, M. & Cheng, W. & Li, Z. & Zhang, H. & An, T. & Meng, Z. Pre-injection strategy for pilot 
diesel compression ignition natural gas engine. Applied Energy. 2016. Vol. 179. P. 1185-1193. 
DOI: http://dx.doi.org/10.1016/j.apenergy.2016.07.024. 

16. Wang, Z. & Zhao, Z. & Wang, D. & Tan, M. & Han, Y. & Liu, Z. & Dou, H. Impact of pilot 
diesel ignition mode on combustion and emissions characteristics of a diesel/natural gas dual fuel 
heavy-duty engine. Fuel. 2016. Vol. 167. P. 248-256. 
DOI: http://dx.doi.org/10.1016/j.fuel.2015.11.077. 

17. Tutak, W. & Jamrozik, A. & Grab-Rogaliński, K. Effect of natural gas enrichment with hydrogen 
on combustion process and emission characteristic of a dual fuel diesel engine. International 
Journal of Hydrogen Energy. 2020. Vol. 45(15). P. 9088-9909. 
DOI: https://doi.org/10.1016/j.ijhydene.2020.01.080. 

18. Yousefi, A. & Guo, H. & Birouk, M. Effect of diesel injection timing on the combustion of 
natural gas/diesel dual-fuel engine at low-high load and low-high speed conditions. Fuel. 2019. 
Vol. 235. P. 838-846. DOI: https://doi.org/10.1016/j.fuel.2018.08.064. 

19. Yang, B. & Xi, C. & Wei, X. & Zeng, K. & Lai, M.C. Parametric investigation of natural gas port 
injection and diesel pilot injection on the combustion and emissions of a turbocharged common 
rail dual-fuel engine at low load. Applied Energy. 2015. Vol. 143. P. 130-137. 
DOI: http://dx.doi.org/10.1016/j.apenergy.2015.01.037. 

20. Yang, B. & Wei, X. & Xi, C. & Liu, Y. & Zeng, K. & Lai, M.-C. Experimental study of the 
effects of natural gas injection timing on the combustion performance and emissions of a 
turbocharged common rail dual-fuel engine. Energy Conversion and Management. 2014. Vol. 87. 
P. 297-304. DOI: http://dx.doi.org/10.1016/j.enconman.2014.07.030. 

21. Wierzbicki, S. Laboratory control and measurement system of a dual-fuel compression ignition 
combustion engine operating in a cogeneration system. Solid State Phenomena. Mechatronic 
Systems, Mechanics and Material. 2014. Vol. 210. P. 200-205.  
DOI: http://dx.doi.org/10.4028/www.scientific.net/SSP.210.200. 

 
 
Received 01.10.2020; accepted in revised form 15.03.2022 


