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Abstract

:

The effects of initial pressure and temperature in a constant volume test chamber with a common rail injection system on the processes of self-ignition and combustion of rapeseed oil and various blends of rapeseed oil with diesel oil are explored. Based on the obtained pressure waveforms the amount of emitted heat was determined, and the tested fuels were compared. The variations of a number of physicochemical characteristics that occur during the combustion processes were evaluated for several mixtures of fuel components. It was found that in the case of blends of rapeseed oil with diesel oil, the best results were obtained for a mixture containing 70 weight percent of diesel oil and 30% of rapeseed oil.
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1. Introduction


The economies of countries around the world depend on the energy sector [1,2]. The continuous decrease of global reserves of conventional energetic raw materials, e.g., hard coal, petroleum and natural gas, cause an increase in the prices of fossil fuels and concern for sustainable development, energy security and global climate change. Those facts have lead to seeking alternative renewable energy sources [3,4].



CO2 reduction issues are also important in this process [5,6]. Priority in the climate and energy policy of the European Union (EU) is given to actions aimed at protecting air purity and reducing greenhouse gas emissions [7,8]. The EU’s long-term objective is to achieve levels of air quality that do not give rise to unacceptable impacts on and risks to human health and the environment [9,10]. One of the main sources of air pollution in the EU is the road transport sector [11,12].



Transport is one of the key sectors of the European economy and a major energy consumer [13,14]. The majority of the energy used in transport comes from conventional fuels [15,16]. This situation is gradually beginning to change through the introduction of alternative fuels and the promotion of electromobility [17,18]. Within the meaning of the Directive [19], alternative fuels are fuels or energy sources which serve, at least in part, as a substitute for energy sources in the transport from crude oil and which have the potential to contribute to reducing the dependence of EU member states on oil imports and to decarbonize transport and improve the environmental performance of this sector.



An important role in these issues is played by the biofuels [20,21]. They belong to renewable energy sources, the use of which has accompanied humanity from the earliest times [22,23]. In general, the biofuels can be divided into alcohols and esters [24,25]. The former (most often produced from cereals, maize, potatoes and sugar beet) are alternative fuels for gasoline (low-pressure) engines [26,27]. Methyl or ethyl esters, obtained in the process of rape processing, are added to diesel oil [28]. Both types can be used as neat fuel or can be an addition to traditional fuels [29]. The former is still used on a small scale [30]. Biocomponents serving as an additive to motor gasolines and/or diesel oil are of greater importance [31].



As part of the European Low Carbon Mobility Strategy, the European Commission has announced that food-based biofuels will have a limited role in the decarbonization of transport after 2020. Second and third generation biofuels will be promoted [32,33].



Due to their physicochemical properties, vegetable oils are a valuable product, having a wide range of applications in many different areas of life. In addition to the manifold ways they can be used as a substrate, supplement or food product, vegetable oils can be used as an independent fuel for self-ignition engines or properly adapted heating devices [34,35].



Investigations of combustion processes conducted in research centers are mostly carried out on engines, which limits the possibility of assessing the direct impact of various factors on the combustion process [36,37]. Despite such labor-intensive and expensive activities, the research results refer only to specific technical and thermodynamic parameters [38,39]. There is also no possibility to control the parameters affecting the combustion process. While the driving unit (an engine) is used in research, with the interdependence of parameters usually observed, the change of one factor causes at the same time changes in other factors that affect the process. Hence, the results obtained are in most cases ambiguous and do not permit the determination of general relationships. In addition, the technical condition of the tested engine is not determined at the start of the tests. These issues are completely omitted in the research reports.



For the basic research of complex processes, such as combustion of fuels in diesel engines, special test chambers are used, enabling independent variation of parameters and the use of special experimental techniques for registration of process variables. In current biofuel market development, it is reasonable to determine the suitability of selected vegetable oils to be used as a fuel, and to check the possibility of their mutual replacement, in an economically or technically justified situations. Currently, vegetable oils are an irreplaceable raw material for the production of biocomponents (2nd generation biofuels, erucic rape) which are added to diesel oil in accordance with the requirements of the European law or constituting an independent fuel [40]. It results from the natural origin and renewable nature of this raw material, as well as full biodegradability in case of their emission into the environment [41].



Apparently, in order to use vegetable oil as engine fuel, it would be enough to perform only basic filtration to remove the suspended particles and possible small remains of the cake. In practice, the use of plant fuels requires some adaptation of the engine as some properties of these fuels differ from the properties of diesel fuels. Because vegetable oil has a kinematic viscosity several times higher than diesel fuel, the flux of vegetable fuel injected into the combustion chamber is sprayed to a much lesser extent than the stream of mineral fuel. Drops of sprayed vegetable oil are larger than that of diesel, and the fuel jet itself is more compact, which increases its range. As a result of inferior fuel spraying, the process of creating a fuel–air mixture proceeds worse and significantly slower. The air temperature in the chamber, a critical when burning vegetable oils, should be taken into account. The higher the temperature in the chamber, the easier and faster the process of evaporation occurs of the injected fuel and the formation of the fuel–air mixture. Therefore, it seems necessary to gain knowledge concerning the biofuel’s behavior in various thermodynamic conditions that affect the combustion process of these fuels. Therefore, the construction and use of computer simulation programs and models for determining and comparing analyzed parameters is not without significance, which in the context of support in research and development works is becoming increasingly popular among representatives of scientific sciences [42,43,44,45].



The aim of the work was to determine the impact of parameters such as initial pressure and initial temperature in the test chamber and pressure in the common rail injection system on the process of self-ignition and combustion of neat rapeseed oil and various mixtures of rapeseed oil with diesel oil.




2. Materials and Methods


The tests were carried out on a fixed volume chamber equipped with a common rail injection system. On the basis of the pressure waveforms obtained, the heat was determined and the tested fuels were compared. The layout of the test bench is shown in Figure 1.



The tests were carried out for various air excess λ coefficients. The increase in the λ coefficient caused combustion deterioration. Thus, the paper presents only the results of the tests at a coefficient of λ = 1.25, at which the combustion process proceeded correctly.



The basic parameters of the process were: t0—self-ignition delay, ∆p—pressure increase and ts—combustion time.



Description of the Program


In order to analyze the thermal parameters of the combustion process of various fuels in the test chamber, a computer program was created enabling calculation of the heat generated in the process. The developed algorithm allows for a quick analysis of the pressure course in the test chamber. The input data for the developed computer tool were obtained from the project implemented at the Faculty of Production Engineering of the Warsaw University of Life Sciences [46].



The basic input is the pressure course during the injection process and during fuel combustion in the test chamber with a volume of 0.8 dm3. In addition, initial parameters such as temperature and initial pressure are needed. Basing on these parameters, the mass of air in the test chamber is calculated using the ideal gas equation.




p·V=m·R·T









Due to the fact that the pressure course contains oscillations probably resulting from disturbances, the first stage of the calculation is based on smoothing the pressure course. Smoothing is carried out according to the following relationship:


pn(ti)=0.5·(p(ti)+p(ti+1)+p(ti−1)2)











In the program it is assumed that initially the gas mixture contains nitrogen and oxygen. As a result of fuel combustion, the oxygen contained in the mixture is consumed and carbon dioxide and water vapor appear. Due to the relatively low concentrations of other exhaust components, their impact on the thermal parameters of the mixture, and thus on the result of the calculations, is small.



The calculation program takes into account changes in the specific heat and gas constant caused by the change in the composition of the mixture resulting from the combustion of fuel. In the case of specific heat, the influence of gas temperature was also taken into account. Due to the short process time (0.2 s), the heat exchange with the walls of the test chamber was omitted in the calculation model.



The value of the gas constant R is determined from the following equation:


R=8.3143·103·([O2]32+[N2]28+[CO2]44+[H2O]18) [Jkg·K]











The specific heat of the gas mixture in the chamber was determined according to the formula:


Cp=[O2]·CpO2+[N2]·CpN2+[CO2]·CpCO2+[H2O]·CpH2O










Cv=Cp−R











The specific heat at constant pressure for each component of the gas mixture was calculated from the dependence:


CpR1=a1+a2·T+a3·T2+a4·T3+a5·T4











The heat separated is calculated from the formula:


dQ(ti)=m·Cv·(Ti−Ti−1)










Qi=Qi−1+dQi










Ti=pi·Vm·Ri−1










Ti−1=pi−1·Vm·Ri−1











If dQ is positive, then the fuel mass is calculated, which is burned to produce heat equal to dQ.




mp=dQCs









Basing on the fuel composition, the program calculates the amount of carbon dioxide and water vapor that will be emitted from the burn mass of fuel. On this basis, the new composition of the gas mixture is calculated, as well as parameters such as specific heat and the gas constant. The new composition of the gas mixture is calculated as follows:


C+O2→CO2










12g+32g→44g










H2+12O2→H2O










2g+16g→18g










[O2]i=(mi−1·[O2]i−1−(xC·(32/12)+xH·8)·mp+xO·mp)/(mi−1+mp)










[CO2]i=(mi−1·[CO2]i−1−(xC·(44/12))·mp)/(mi−1+mp)










[H2O]i=(mi−1·[H2O]i−1−(xH·9·mp)/(mi−1+mp)










[N2]i=(mi−1·[N2])/(mi−1+mp)











The Table 1 contains a collection of the most important symbols used in the formulas used in calculations.





3. Calculation Results


According to the procedure described above, the amount of heat released in the combustion process for the following fuels and their mixtures was calculated (Table 2).



The characteristics of these three fuels are presented in Table 3.



As a result of the calculations, the following parameters are obtained as a function of time: smoothed pressure course in the test chamber p=f(t, TCR, pCR, mr, md) [MPa]; heat release rates dp/dt=f(t, TCR, pCR, mr, md) [MPa/s]; average temperature in the test chamber T=f(t, TCR, pCR, mr, md) [K]; heat release rates dQ/dt=f(t, TCR, pCR, mr, md) [J/s]; and values of heat released Q=f(t, TCR, pCR, mr, md) [J].



Based on these calculations, the effect of various parameters on the combustion process in the test chamber can be determined. The following values were varied during the tests: initial pressure in the chamber pk={0.5} [MPa], initial temperature in the chamber T={350, 425, 500, 575} [°C], excess air factor λ={1.25}, injection pressure pCR={65, 100} [MPa], fuel composition mr={15, 30, 50, 70, 100} [%m/m], md={15, 30, 50, 70, 100} [%m/m].



The sample parameters are stored in the file name with the pressure waveform in the chamber.



3.1. The Effect of Temperature


3.1.1. Diesel Oil (O)


At the initial stage of investigations, a number of tests were carried out using pure diesel oil and pure rapeseed oil. The obtained results are a reference to the analysis of the effects of the composition of mixtures diesel oil–rapeseed oil on the characteristics of the combustion process.



The diagrams presented in Figure 2 show the courses of pressure increases and heat release rates dQ/dt for pure diesel fuel at different values of the initial temperature in the test chamber. Other parameters such as initial pressure pk, fuel injection pressure pCR, air excess coefficient λ have the same values in the cases of both fuels. Based on the pressure rise patterns, it can be concluded that an increase in the initial temperature causes a significant reduction in the self-ignition delay time, and at the same time a reduction in the maximum pressure increase. This is related to the faster evaporation of the injected fuel, which causes faster fuel ignition. The time of the self-ignition delay is shortened, on the other hand the combustion has a rapid, violent character, which is visible on the heat release rates. This causes the rejection of not evaporated fuel from the reaction zone, and thus the reduction of the maximum pressure increase, and in the case of the engine, it would manifest itself through noisy engine operation. At initial temperatures above 350 °C, it is beside reducing the time of self-ignition delay, and does not improve the process parameters (pressure increases and heat release rates).




3.1.2. Rapeseed Oil (R)


Figure 3 shows the courses of the pressure increase and heat release rates dQ/dt for pure rapeseed oil.



Based on the waveforms, it can be concluded that the increase of temperature not only reduces the time of the self-ignition delay, but also causes a clear increase in the maximum pressure. At temperatures below 500 °C, the combustion process is very slow, and the maximum pressure is much lower than at higher initial temperatures. The influence of temperature on the process of spraying, auto-ignition and combustion of pure rapeseed oil is therefore more pronounced than for diesel oil. This may be associated with the higher density of rapeseed oil, and thus a lower content of light fractions that evaporate quickly and become self-igniting, which would cause an increase in temperature and an acceleration of the combustion of the heavier fractions. The addition of diesel oil to rapeseed oil reduces density and increases the content of the light fractions, and thus should improve spraying and accelerate auto-ignition.



The waveforms presented for rapeseed oil can be considered as the reference levels for mixtures of rapeseed oil with diesel oil.




3.1.3. Mixtures of Rapeseed Oil (R) and Diesel Oil (O)


The runs shown in the following Figure 4, Figure 5, Figure 6 and Figure 7 show the influence of temperature on the combustion process of the analyzing mixtures of rape oil and diesel oil.



In the case of a small addition of diesel oil equal to 15% and 30% (Figure 4 and Figure 5), the ignition delay time is clearly shorter at 500 °C and 575 °C. The maximum value of the heat release rate, especially for the higher of the above temperatures is very high. For an initial temperature of 425 °C, the delay time is longer, and the maximum pressure is lower, as well as the maximum rate of heat release is clearly lower. For the initial temperature of 350 °C, the maximum values of pressure increase and the heat release rates are much lower, and the combustion process is very slow.



Similar conclusions can also be drawn from the analysis of the course of the pressure increases and heat release rates for higher diesel oil contents in the mixtures of 50% and 70% (Figure 6 and Figure 7). In the case of high initial temperatures in the chamber, i.e., above 500 °C, the combustion process is very fast and violent. For a temperature of 425 °C, an increase of the maximum pressure is slightly lower, the self-ignition delay time is longer, but the combustion process is less violent, the maximum heat release rate is lower. In the case of combustion in the engine, it would result in quieter operation and lower loads on the engine’s mechanical components. For the lowest temperature, equal to 350 °C, the combustion process is very slow, the delay time is much longer and the maximum pressure is much lower. It can therefore be concluded that the initial temperature range of 400–500 °C is optimal.





3.2. The Effect of the Composition of the Mixture


Figure 8, Figure 9, Figure 10 and Figure 11 shows the courses of pressure increases and the rates of process separation for various contents of diesel oil additions mixed with rapeseed oil. The process parameters are defined under each of the drawings.



In Figure 8, it can be seen that in the case of pure diesel oil and a mixture of 70% diesel oil and 30% rapeseed oil, the maximum pressure increases and heat release rates are clearly higher than for other fuels. For fuel mixtures with a diesel content of 15% to 50%, the maximum values of pressure increases and heat release rates are similar. The ignition delay times are also similar and clearly longer than for pure diesel and mixtures with 70% diesel oil content. For pure rapeseed oil the process parameters are clearly worse, the time of self-ignition delay is the longest, the maximum values of pressure increase and heat release rates are the lowest.



Figure 9 shows a comparison for a lower initial temperature than in the previous case. The effect of the composition of the mixture is similar to the previously described case, but the differences between pure diesel and other mixtures are even more pronounced.



An interesting result can be seen in the following graphs, shown in Figure 10. In this case, the fuel injection pressure was increased as compared to Figure 8. The conclusions are very similar to those drawn from the previously described runs, but the result of the test with a 50% diesel oil mixture with 50% rapeseed oil is especially interesting. Self-ignition is very delayed, and the maximum pressure and heat release rate is lower than for mixtures with 15% and 30% diesel oil content and only slightly higher than for pure rapeseed oil.



A very similar result can be seen in the graphs shown in Figure 11. As compared to Figure 10, the initial temperature in the chamber is lower and amounts to 425 °C. The parameters of the auto-ignition process and the combustion of a mixture of 50% diesel and 50% rapeseed oil are clearly worse than mixtures of rapeseed oil with 15% and 30% addition of diesel oil.



The fuel mixtures tested differ in parameters such as calorific value, stoichiometric ratio of fuel to air, oxygen content etc. In order to compare the combustion process of different mixtures, dimensionless normalization was based on the maximum pressure increase in the combustion chamber to the energy contained in the injected fuel dose. This normalization was done according to the following relationship:


η=pkmax·Vkmp·Wu











Physically, this quantity corresponds to the combustion efficiency, because it represents the ratio of the pressure increase to the total energy introduced in the dose of fuel injected.



Figure 12 shows the dependence of normalized pressure increase as a function of the diesel oil content in the mixture. A similar tendency can be observed for each of the presented sets of test parameters. The increase in diesel oil content generally results in an increase in the normalized value of pressure increase, however, in the range of 15%–70%, this is minimal, and between 15% to 30% of diesel oil content, the differences are small. This result is not obvious and requires further testing and more detailed analysis.





4. Conclusions


Individual fuel features affect the basic processes occurring in a diesel engine in various ways. The mechanisms of these processes depend to a large extent on the thermodynamic conditions in the engine, and all processes, both chemical and physical, interact with each other and are interdependent.



It is highly complicated to determine even general relationships for the fast-changing and heterogeneous processes that occur during fuel combustion, especially since analytical and empirical relationships describing the processes of these basic processes have a limited scope of application in this case.



The air’s temperature in the chamber has the highest influence on the course of burning the vegetable oils. Along with its increase up to the maximum value tested, a shortening of the self-ignition delay time was obtained, with faster increases of combustion pressures and higher maximum values. At the highest temperature tested, while maintaining the optimal values of the remaining parameters, the combustion process of vegetable oils was similar to the course of the combustion processes of diesel oil. The air temperature in the chamber affects to a much greater extent the course of burning vegetable oils than diesel oil, which is the result of differences in the physical properties between the tested fuels increasing with increasing temperature. The second factor, which has a much greater impact on the course of burning of vegetable oils than diesel oil, is the air pressure in the combustion chamber. This parameter is clearly correlated with the temperature in the chamber. The strength of its impact on the course of the combustion process increases in proportion to the temperature increase in the air in the chamber. At lower temperatures, the impact is practically imperceptible. As the temperature rises, the chamber pressure reduces the time of self-ignition delay, increases the rate of pressure build-up and increases the maximum combustion pressure.



The injection pressure at temperatures up to 425 °C has the greatest impact on the combustion of rapeseed oil, and after exceeding 500 °C, it has the greatest impact on the burning of palm oil. The coefficient of excess air affects all fuels equally, extending the time of fuel burning with increasing its value, and at the maximum value—limiting the ability of fuel to self-ignition.



The process of burning vegetable oils can be significantly improved by increasing the temperature and air pressure in the combustion chamber. In the case of the engine, this may mean the need to change the injection advance angle and the need to increase the compression ratio. Increasing the temperature can also be achieved by increasing the operating temperature of the engine coolant.



On the basis of the analysis of heat preservation in the combustion of mixtures of rapeseed oil with diesel in a constant volume chamber and the tests made, the following conclusions can be drawn:




	
an increase in the rapeseed oil content in the mixture causes an increase in the self-ignition delay and a decrease in the maximum pressure, especially at lower initial temperature values in the test chamber;



	
in the case of mixtures of rapeseed oil and diesel oil, the best results were obtained for a mixture containing 70% by mass of diesel oil and 30% of rapeseed oil;



	
results obtained for a mixture containing 50% diesel oil and 50% rapeseed oil require further testing and confirmation.








It can be concluded, therefore, that neither the neat rapeseed oil nor its mixtures with other fuels are suitable for burning in non-modified diesel engine. Consequently, potential studies on mixtures with substances other than those actually tested or a search for the modification of the engine seems necessary. Such tasks will be undertaken in future research.
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Figure 1. General scheme of the fuel injection research system. 
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Figure 2. Effect of temperature, O100%: pk = 0.5 MPa, pCR = 65 MPa, λ= 1.25. (O—Diesel Oil). 
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Figure 3. Influence of temperature, R100%: pk = 0.5 MPa, pCR = 65 MPa, λ= 1.25. (R—Rapeseed Oil). 
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Figure 4. Effect of temperature, R85%, O15%: pk = 0.5 MPa, pCR = 65 MPa, λ= 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 5. Effect of temperature, R70%, O30%: pk = 0.5 MPa, pCR = 65 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 6. Effect of temperature, R50%, O50%: pk = 0.5 MPa, pCR = 65 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 7. Effect of temperature, R30%, O30%: pk = 0.5 MPa, pCR = 65 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 8. Fuel effect [O]: T = 500 °C, pk = 0.5 MPa, pCR = 65 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 9. Fuel effect [O]: T = 425 °C, pk = 0.5 MPa, pCR = 65 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 10. Fuel effect [O]: T = 500 °C, pk = 0.5 MPa, pCR = 100 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 11. Fuel effect [O]: T = 425 °C, pk = 0.5 MPa, pCR = 100 MPa, λ = 1.25. (R—Rapeseed Oil), (O—Diesel Oil). 
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Figure 12. Normalized value of pressure increases in the chamber as a function of diesel oil (O) content for various test parameters. Description of the sample: first number—temperature [°C], second number—initial pressure ×10−1 [MPa], third number—injection pressure [MPa], fourth number—excess air factor ×10−3. 
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Table 1. Symbols used in calculations.
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	Symbol
	Description





	p
	pressure



	V
	volume



	m
	gas mass



	R
	gas constant



	T
	temperature



	ti
	i-th instant of time



	p(ti)
	pressure in the chamber at the i-th instant of time



	ti−1
	i-1 instant of time



	p(ti−1)
	pressure in the chamber in i-1 instant of time



	ti+1
	i + 1 instant of time



	p(ti+1)
	chamber pressure in i + 1 instant of time



	pn
	pressure in the chamber at the i-th instant of time after smoothing



	[O2]
	mass fraction of oxygen



	[N2]
	mass fraction of nitrogen



	[CO2]
	mass fraction of carbon dioxide



	[H2O]
	mass fraction of water vapor



	Cp
	specific heat at constant pressure of the gas mixture in the chamber



	Cv
	specific heat at a constant volume of the gas mixture in the chamber



	[Cpo2]
	mass heat at constant oxygen pressure



	[CpN2]
	mass heat at constant nitrogen pressure



	[CpCO2]
	specific heat at constant carbon dioxide pressure



	[CpH2O]
	specific heat at constant water vapor pressure



	R1
	individual gas constant



	a1,a2,a3,a4,a5
	coefficients, individual for each gas



	mp
	mass of burnt fuel or mass of injected fuel



	dQ
	emitted heat



	Cs
	the heat of burning fuel



	[O2]i−1
	mass fraction of oxygen at the instant i-1



	[N2]i−1
	mass fraction of nitrogen at the instant i-1



	[CO2]i−1
	mass fraction of carbon dioxide at the instant i-1



	[H2O]i−1
	mass fraction of water vapor at the instant i-1



	[O2]i
	mass fraction of oxygen at the i-th instant of time



	[N2]i
	mass fraction of nitrogen at the i-th instant of time



	[CO2]i
	mass fraction of carbon dioxide at the i-th instant of time



	[H2O]i
	mass fraction of water vapor at the i-th instant of time



	xH
	mass share of hydrogen in the fuel



	xC
	mass fraction of carbon in fuel



	xO
	mass fraction of oxygen in fuel



	mi−1
	mass of gas at i-1 instant of time



	mi
	the mass of gas at the instant i



	mr
	mass fraction of rapeseed oil in fuel



	md
	mass fraction of diesel oil in fuel



	pkmax
	maximum pressure in the chamber



	Vk
	chamber volume



	Wu
	calorific value of fuel
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Table 2. The composition of the fuel mixture.
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	Mixture
	Diesel Oil [% m/m]
	Rapeseed Oil [% m/m]





	Case 1
	100
	-



	Case 2
	-
	100



	Case 3
	15
	85



	Case 4
	30
	70



	Case 5
	50
	50



	Case 6
	70
	30
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Table 3. Properties of the fuels investigated.
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	Fuel
	Diesel Oil
	Methyl Esters of Rapeseed Oil
	Rapeseed Oil





	Calorific value [MJ/kg]
	42.5
	38.0
	37.5



	Mass fraction of hydrogen [%]
	12.6
	12.1
	11.4



	Mass fraction of carbon [%]
	87.4
	77.5
	77.4



	Mass fraction of oxygen [%]
	-
	10.4
	11.2
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