

  sustainability-12-07666




sustainability-12-07666







Sustainability 2020, 12(18), 7666; doi:10.3390/su12187666




Article



An Extensive Analysis of Biodiesel Blend Combustion Characteristics under a Wide-Range of Thermal Conditions of a Cooperative Fuel Research Engine



Vu H. Nguyen 1, Minh Q. Duong 2, Kien T. Nguyen 1, Thin V. Pham 3 and Phuong X. Pham 1,*





1



Department of IC Engine, Faculty of Vehicle & Energy Engineering, Le Quy Don Technical University, 236 Hoang Quoc Viet, Bac Tu Liem, Hanoi 10000, Vietnam






2



Division of Automobile Engineering Technology, Faculty of Mechanical Engineering, University of Transport Technology, Hanoi 10000, Vietnam






3



Department of Physics, Faculty of Physical & Chemical Engineering, Le Quy Don Technical University, 236 Hoang Quoc Viet, Bac Tu Liem, Hanoi 10000, Vietnam









*



Correspondence: phuongpham@lqdtu.edu.vn







Citation: Nguyen, V.H.; Duong, M.Q.; Nguyen, K.T.; Pham, T.V.; Pham, P.X. An Extensive Analysis of Biodiesel Blend Combustion Characteristics under a Wide-Range of Thermal Conditions of a Cooperative Fuel Research Engine. Sustainability 2020, 12, 7666. https://doi.org/10.3390/su12187666



Received: 22 June 2020 / Accepted: 30 July 2020 / Published: 17 September 2020



Abstract


Examining the influence of thermal conditions in the engine cylinder at the start of fuel injection on engine combustion characteristics is critically important. This may help to understand physical and chemical processes occurring in engine cycles and this is relevant to both fossil fuels and alternative fuels like biodiesels. In this study, six different biodiesel–diesel blends (B0, B10, B20, B40, B60 and B100 representing 0, 10, 20, 40, 60 and 100% by volume of biodiesel in the diesel–biodiesel mixtures, respectively) have been successfully tested in a cooperative fuel research (CFR) engine operating under a wide range of thermal conditions at the start of fuel injection. This is a standard cetane testing CFR-F5 engine, a special tool for fuel research. In this study, it was further retrofitted to investigate combustion characteristics along with standard cetane measurements for those biodiesel blends. The novel biodiesel has been produced from residues taken from a palm cooking oil manufacturing process. It is found that the cetane number of B100 is almost 30% higher than that of B0 and this could be attributed to the oxygen content in the biofuel. Under similar thermal conditions at the start of injection, it is observed that the influence of engine load on premixed combustion is minimal. This could be attributable to the well-controlled intake air temperature in this special engine and therefore the evaporation and mixing rate prior to the start of combustion is similar under different loading conditions. Owing to higher cetane number (CN), B100 is more reactive and auto-ignites up to 3 degrees of crank angle (DCA) earlier compared to B0. It is generally observed in this study that B10 shows a higher maximum value of in-cylinder pressure compared to that of B0 and B20. This could be evidence for lubricant enhancement when operating the engine with low-blending ratio mixtures like B10 in this case.
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1. Introduction


Biodiesels are environmentally friendly alternative fuels and have important properties close to that of fossil diesel. Biodiesels are manufactured from different feedstock including vegetable oils, animal fats and algae [1]. The transesterification reaction between triglycerides available in the feedstock and methanol is the standard method to produce biodiesels (a mixture of different fatty acid methyl esters—FAMEs) and glycerols [1,2]. A number of studies on utilizations of biodiesels and their blends in compression ignition engines can be found in current literature [2,3,4,5,6,7,8]. Excellent reviews on the topic (both fundamental studies and biodiesels’ utilizations) are provided in [9,10,11,12]. Key findings are: (i) Biodiesels have lower calorific values compared to fossil counterparts and this leads to a penalty in fuel economy when operating engines with biodiesels and their blends. The increase in fuel consumption when using biodiesels is approximately proportional to the loss in their calorific value [1,13,14]; (ii) compared to diesel, blends of biodiesel–diesel normally show shorter ignition delay times and a reduced heat release rate (HRR) as well as a slightly higher efficiency [10]. The shorter ignition delay times are due to the higher cetane number (CN) of biodiesels; (iii) significant reductions in soot emission compositions in the engine exhaust, while there are contradictory statements regarding particle size distributions and NOx emissions [9]. It is suggested by Damanik et al. in [11] that the trends in engine performance and emission levels when operating with biodiesel blends should be interpreted with caution as generalization of the trends is not possible using the results currently available in the literature [11]. Apart from controversies in some of the reported results as mentioned above, there are few key issues with respect to existing research on biodiesels: (i) the fuels are generally selected at random depending on their availability and without any reference to chemical and physical property variations amongst biodiesels derived from different feedstock; (ii) very few studies report on the basic auto-ignitability of biodiesels, a feature that may well be important considering how the influence of different thermal conditions in the cylinder at the start of injection (SOI) on the in-cylinder pressure development, heat release rate and ignition delay provides a better understanding of biodiesel auto-ignitability; and (iii) the definition of engine load condition is not consistent amongst the literature, a number of authors used similar fuel volume flow rates (mL/min) while some others used a similar amount of input energy (MJ/min) when testing auto-ignition engines with biodiesel blends and diesel. Those confusions may make the comparison of engine performance when operating with diesel and biodiesel blends irrelevant.



The engine cycle is very complex as it includes a number of physical processes (e.g., atomization, evaporation and mixing) as well as chemical processes (e.g., auto-ignition and combustion). Therefore, studies on these processes are normally conducted in many different laboratory tools such as open burners [15,16], shock tubes [17], single cylinder engines [18,19,20,21,22] and multi-cylinder engines [14,23]. Fundamental tools like pilot and co-flow burners [24,25] can be used to deeply investigate an isolated process like primary atomization [25,26], secondary atomization [27] or auto-ignition [28]. Single-cylinder engines add more complex processes to that occurring in fundamental tools (e.g., laboratory burners, shock tubes and rapid compression machine), and single engines like the CFR engine used in this work have been shown as a useful equipment to closely describe the engine cycle. Single-cylinder engines normally have a capability of varying compression ratio (CR) that is impossible in practical multi-cylinder engines [20,29]. In an engine cycle, investigating thermal conditions at SOI is critically important as the conditions strongly affect the ignition delay, fuel–air premixed fraction, in-cylinder pressure development and, as such, engine power and efficiency. Studies conducted in burners, shock tubes, single-cylinder engines and multi-cylinder engines need to address this.



Cooperative fuel research (CFR) engines have been developed for fuel testing. The special tools are single-cylinder and variable CR engines. The engines were initially used for examining fuels but are now used worldwide for exploring the combustion characteristics of research fuels under one of the five methods: the motor, research, aviation, supercharge and cetane methods [30]. Model F-1/F-2 Combination CFR engine is used to determine the fuel octane number of gasoline-like fuels. This testing method is conducted under ASTM D2699 and D2700 standards. Model CFR F-5 engine (the one used in this study) is a complete system for measuring the CN of diesel-like fuels, conforming to the ASTM D613 standard. This method is accepted worldwide as the standard for determining the auto-ignition quality of diesel fuels. Further details of the CFR engine used in this study will be shown later in Section 2.1. Using these special engines to investigate combustion characteristics of biodiesel and its blends is relevant. The capability of varying the compression ratio makes them special for fuel testing.



Using a variable CR single-cylinder engine, blends of castor oil-based biodiesel and fossil diesel (B0, B10, B20, B30, B40, B50 and B100) have been tested in [31] to investigate the influence of CR and blending ratio on mean gas temperature, cylinder pressure variation, net heat release and mass fraction burned. The authors have observed that an increase in CR leads to an increase in mean gas temperature and a decrease in net heat release rate. Another study done by Dash et al. [32] in a variable CR single-cylinder engine operating with different Nahar biodiesel blends (B0, B5, B10, B20, B30, B40 and B50) showed that combustion duration reduces when increasing the blending ratio up to B40, then slightly increases for B50 and significantly for B100. It was also observed that the blending ratio has significant effects on the maximum rate of pressure rise (MRPR), heat release rate and ignition delay. The influence of thermal conditions at SOI is not addressed in these studies [31,32].



The performance of a four-cylinder engine operating with waste oil, rapeseed oil and corn oil biodiesels and diesel has been investigated by Tesfa et al. [33] and showed that the influence of fuel types on heat release rate and specific fuel consumption is not significant. Pham et al. have tested a number of biodiesels having different physic-chemical profiles in a single-cylinder engine [7,21], a multiple-cylinder engine [5,34] and burners [24,25], and the authors claimed that the molecular profiles of biodiesels, determined by their feedstock, have a significant impact on atomization and combustion characteristics.



Although a number of modern techniques including laser diagnosis can be utilized to study engine combustion as noted briefly above, in-cylinder pressure transducers have been shown as one of the most convenient and efficient tools to investigate the engine cycle including combustion characteristics. Certainly, lasers are a very powerful technique that can be used to deeply diagnose the physical chemical processes such as quantifying auto-ignition zone [35], measuring combustion radicals (OH-, and formaldehyde), flame structure and emission. The measurements are impossible using pressure transducers. Pressure transducers, however, are much cheaper and much easier to setup and operate. Pressure signals have been used to investigate net heat release, thermal efficiency, air mass and fuel flow rates, in-cylinder trapped mass, exhaust gas recirculation, emission and noise control [36,37,38,39,40].



It was reported earlier by Vargas et al. [9] that the number of studies on biodiesels have been increased rapidly in the last decade. Extensive investigations of in-cylinder pressure development under a wide range of cylinder thermal conditions at SOI, according to the authors’ knowledge, are scarce in the literature.



In this study, a CFR F5 engine, a standardized machine known as a cetane testing engine, was firstly employed with ASTM-D613 [41] to measure CN for different biodiesel–diesel blends (B0, B10, B20, B40, B60 and B100). The biodiesel used here is produced from the residue of a cooking oil manufacturing process (not used cooking oil). Then, the system was further equipped with a fast-response in-cylinder pressure transducer and an encoder to measure the in-cylinder pressure of the engine. This extension aims to provide an extensive examination of the in-cylinder pressure development under a wide range of thermal conditions in the cylinder at the timing of fuel injection. The injection timing and CR are varied in this study so that the thermal conditions at SOI are varied in a wide range.




2. Experiment Setup and Testing Conditions


2.1. Experiment Description


The experiment system used in this study is schematically described in Figure 1a (for the cooperative fuel research—CFR engine test bed) and Figure 1b (for the enlarged combustion chamber of the CFR engine). This is a CFR-F5 engine designed for cetane testing. As mentioned earlier, CFR engines are capable of varying CR and this makes them special, especially for testing combustion characteristics under different thermal conditions like the one conducted in this study. Under the standardized operating condition of the engine to measure liquid fuel CN [41], the CFR engine is operated with a speed of 900 rpm, a CR of 13 and a well-controlled air intake temperature of 65 °C for all testing conditions. This temperature is quite high compared to that in conventional engines. The fuel is supplied into the cylinder through an injector (#8) under an injection timing of 13 degrees of crank angle (DCA). Ignition delay, used for computing CN, is measured using a combustion pickup sensor (#7) along with a delay sensor (#9).



Different from conventional engines, at a specific CR, the combustion chamber of the CFR engine shown in Figure 1 is a constant volume chamber (#6 shown in Figure 1b) located above the piston and separately from the chamber formed by the cylinder, piston and cylinder head (chamber 2). The CR varies by changing the volume of the chamber and this is done by rotating the handwheel (#2 shown in Figure 1b). The position of the piston is determined using the micrometer (#3 shown in Figure 1b). The fuel injection timing is exactly measured using an injector needle lift sensor (#9 shown in Figure 1b). The start of combustion timing is measured using a combustion pickup sensor (#7 shown in Figure 1b). The combustion chamber is connected to chamber 2 by a small hole located in the piston’s centerline as shown in Figure 1a. Due to these special characteristics, combustion in this engine mainly occurs in the constant volume chamber, chamber 2 just works like a pumping system to create high-pressure conditions for the combustion chamber. This special equipment is good for studies on combustion characteristics like in-cylinder pressure development, heat release rate and auto-ignitability. As the combustion chamber of the CFR engine is a constant volume chamber and has a high air intake temperature as mentioned, this tool may not be suitable for studies related to whole engine cycles in which emission concentrations, engine power, fuel economy and other engine performance characteristics are examined.



In this study, the engine is further extended to include a fast-response in-cylinder pressure transducer (#6, AVL QC33C), an encoder (#4) and a data acquisition and control system (AVL Indiset 620). The extension also includes a gas flow sensor to measure the amount of intake air and an equivalent air–fuel (or lambda) sensor equipped with a control unit, ECM-0565-128-0702-C manufactured by WOODWARD as shown schematically in Figure 1. CFR engine specifications are presented in Table 1.




2.2. Fuels Tested


The biodiesel tested here is produced from the residue of a palm cooking oil production process and this was reported in our previous study [42]. It was found that the residue left from the cooking oil production process (not used cooking oil) is still rich in fatty acid esters. Then, biodiesel used in this work was successfully derived from the special feedstock using triple cycles of heterogeneous catalyzed transesterification [7]. Fuel blends used here include B0 (pure diesel), B10, B20, B40, B60 and B100 (pure biodiesel) corresponding to 0, 10, 20, 40, 60 and 100 vol% of biodiesel in the biodiesel–diesel blends, respectively. Important properties of diesel and biodiesel fuels are summarized in Table 2. It is noted here that important properties of these blends have been carefully measured and reported elsewhere in our previous study [42]. Important physicochemical properties of all blends tested here have been carefully measured using relevant testing methods, as shown in Table 2.



It is noted that the molecular structure of one biodiesel solely depends on its mother feedstock. Empirical correlations are developed to correlate these relevant properties to the fuel structure using parameters such as iodine values (IV) and saponification number (SN). The IV is the number of grams of iodine consumed per 100 g of fatty acid. It is being used as a measure of unsaturation levels in fatty acid (a higher IV indicates a higher degree of unsaturation). The SN is the mass of potassium hydroxide (KOH) required to saponify 1 g of FAME; therefore, SN reflects the carbon chain length (a higher SN implies a shorter carbon chain length). IV and SN of the palm oil-based biodiesel were carefully measured using standards EN 14,111 and ASTM D664-04, respectively. As shown in Table 2, the biodiesel (B100) tested in this study has a medium IV (IV = 48) and a high saponification number (SN = 148) and this means that the fuel has a long carbon chain length and high unsaturation degree. The C/H/O values reported in Table 2 for the pure biodiesel (B100) and pure diesel (B0) are carefully measured using high-performance liquid chromatography (HPLC). C/H/O values of blends are calculated using the blending ratio and C/H/O values of B100 and B0.



One biodiesel may have constituents with 8 to 25 carbon numbers and up to 5 or even more numbers of double bonds [5] but the molecule always has two oxygen atoms, and this key feature makes the fuels different from the fossil diesel counterpart. The fuel oxygen content (FOC) in biodiesels may enhance the fuel reactivity [43]. This is critically important because of the local rich fuel–air mixture (lack of oxygen) in the auto-ignition zone [35,43] of compression ignition engines. The cetane number of the fuels shown in Table 2 is tested using the CFR engine operating with the standardized approach [41]. It is clearly shown from Table 2 that CN increases from B0 to B100 and this may be attributed to the oxygen content in the blends [43]. The cetane number of pure biodiesel is almost 30% higher than that of fossil diesel. Oxygen content in biodiesel blends may make the fuel–air mixture leaner in the auto-ignition zone and this in turn enhances the fuel reactivity.




2.3. Testing Points


The original facilities in conjunction with the additional items described above (Section 2.1 and Section 2.2) extend the capability of the test bed to measure in-cylinder pressure signals under a wide range of air–fuel equivalent ratios (λ), compression ratios and injection timings. In a nutshell, tests conducted in this study include (i) standard CN tests for all biodiesel blends (B0, B10, B20, B40, B40 and B100) and (ii) tests of those blends under different thermal conditions in the cylinder at SOI. Under these injection timing conditions, the injection temperature, Ti, varies between 775 and 865 K under CR = 15. Under CR = 17, Ti ranges from 790 to 890 K. These values of Ti are calculated using in-cylinder pressure at SOI, pi, which is the output from the in-cylinder pressure signals experimentally measured. The temperature conditions cover a wide range of thermal conditions at SOI in CI engines.



The CN tests are conducted (ASTM D613) under an engine speed of 900 rpm; an injection timing of 13 DCA before top dead center (BTDC); an amount of fuel injection of 13 ± 0.02 mL/min; and a well-controlled intake air temperature, Ti, of 65 °C. These conditions and others related to CN testing are reported in Table 1.



The engine conditions used for part (ii) mentioned above can be summarized here:




	(1)

	
Engine speed: 900 rpm, similar to the standardized measurement for CN;




	(2)

	
Intake air temperature: well controlled to remain constant at 65 °C, similar to the standardized measurement of CN;




	(3)

	
Two compression ratios (CR): 15 and 17; different from the standardized measurement for CN;




	(4)

	
Seven injection timings, tinj: 8, 10, 12, 14, 16, 18 and 20 DCA before TDC; different from the standardized measurement for CN;




	(5)

	
Four fuel flow rates: 15.5, 13.0, 11.30 and 10.0 mL/min. These flow rate conditions are described in this work as M1, M2, M3 and M4, respectively. The M1 to M4 conditions are applied to all biodiesel blends. In other words, similar fuel flow rates are supplied to the engine when operating with those blends. These 4 fuel flow rate conditions (M1 to M4, respectively) were investigated with the aim to examine the influence of engine load on engine combustion characteristics. M1 is close to the full load condition while M2, M3 and M4 are close to three-quarters, half and a quarter load conditions, respectively. Mode M2 has a similar fuel flow rate to the CN testing mode;




	(6)

	
Operations of the engine under a constant input energy amount (J/min) conditions are also conducted. When operating an engine with different fuels having different heating values, the engine loading conditions (e.g., engine torque) are different from one fuel to the other. When comparing engine performance under the same conditions of engine load and speed, a constant input energy approach should be adopted, and this is one part of this study. Here, the investigation under constant input energy conditions limits only to CR = 15. Under this mode, a constant input energy amount of 463.6 J/min is applied for all fuel blends tested. This amount is corresponding to the energy of B0 at mode M1 (15.5 mL/min). This testing mode will be denoted as Qconst in this study.











3. Results and Discussion


3.1. Influence of Fuel Flow Rate Conditions


As mentioned, four different fuel flow rates have been tested in this study. Modes M1, M2, M3 and M4 note for 15.5, 13.0, 11.30 and 10.0 mL/min of fuel flow rates, respectively. These conditions may be close to full, three-quarters, half and a quarter engine load conditions. In-cylinder pressure signals outputted in this study are averaged from 50 consecutive engine cycles. Then, those averaged signals are used to compute the heat release rate (HRR), maximum in-cylinder pressure (pmax), rate of in-cylinder pressure rise (RPR) and MRPR. In this section, the influence of fuel flow rates on in-cylinder pressure and HRR will be reported. Discussions related to pmax, RPR and MRPR will be shown later on in the following sections.



Figure 2 shows an example of the in-cylinder pressure and HRR of B100 under the case of Qconst and tinj = 16 DCA. Regarding the influence of fuel flow rates on in-cylinder pressure development and HRR, the trend in the in-cylinder pressure development and HRR is similar for all blends under a certain injection timing. Therefore, only an example of the in-cylinder pressure and HRR of B100 under tinj = 16 DCA is reported in Figure 2. The full database may be provided upon request. It is quite clear from this figure that the fuel flow rates mainly affect the second combustion period named diffusion combustion. The influence of fuel flow rate on the first period (characterized by SOC and premixed combustion fraction) is minimal. Details about premixed and diffusion combustion will be discussed in the following paragraphs.



As can be seen from Figure 2a, the in-cylinder pressure signals obtained when operating the engine under different fuel flow rates (M1 to M4) are almost identical in the initial duration (before TDC in these cases). Then, a higher fuel flow rate leads to a higher in-cylinder pressure developed. Further combustion characteristics are detailed in Figure 2b, where the HRRs obtained under these fuel loading conditions are shown. Combustion of a premixed mixture is much faster with respect to diffusion combustion [36]. The premixed and diffusion combustion fractions are distinguished quite clearly through the HRR signals shown in Figure 2b. During the premixed combustion period, the HRR first rapidly rises, gets to its peak and significantly decreases (before TDC as shown in Figure 2b). Then, diffusion combustion takes place where the HRR is quite low with respect to that during premixed combustion.



It is quite clear from Figure 2b that the premixed combustions are identical amongst the fuel flow rates tested here while a higher fuel flow rate leads to a higher HRR during diffusion combustion. Qualitatively, loading conditions do not influence the SOC (where the HRR signals suddenly rise and become positive as shown in this figure. Since the evaporation and pre-mixing conditions including thermal conditions and pressure in the period from SOI to SOC are similar for all loading modes M1 to M4, the amount of fuel and air that is pre-mixed could be the same. This may be attributable to the similarity in ignition delay times observed in Figure 2b for all modes.



As mentioned earlier that the trends in in-cylinder pressure development and HRR, especially during premixed combustion, are identical amongst the fuel flow rates tested here, only mode M1 (closing to full load conditions) will be further investigated in the following sections. However, the full database may be made available upon request.




3.2. Influence of Thermal Conditions at SOI


Figure 3 shows the in-cylinder pressure signals for B0 and B100 under the injection mode M1 (15.5 mL/min used for all fuels), but under different injection timings (tinj from 8 to 20 DCA BTDC). Figure 3a,b are for B0 at CR = 15 and B0 at CR = 17, respectively. Similarly, Figure 3c,d are for B100. Thermal conditions here mean the temperature and pressure at SOI depend on tinj in the compression stroke. These figures shown here are examples to evaluate the influence of thermal conditions at SOI on in-cylinder pressure signals. In-cylinder pressure signals for other blends are not shown here as they show identical trends to these figures. It is simply noted that the in-cylinder pressure at CR = 15 (left figures, Figure 3a,c) is lower than that at CR = 17 (right figures, Figure 3b,d). Certainly, under higher CR, the engine creates higher in-cylinder temperature and pressure and this enhances the fuel evaporation, mixing and combustion. Engines with higher CR, therefore, normally show their higher thermal efficiency.



It is noted that the difference between pcylmax shown in Figure 3a (B0 under CR = 15) and Figure 3b (B0 under CR = 17) is not that significant compared to the one observed in Figure 3c (B100 under CR = 15) and Figure 3d (B100 under CR = 17). This may be due to the improvement in the atomization, evaporation and combustion of B100 under high CR and long injection advanced timing conditions. By carefully observing, when tinj increases over 14 DCA BTDC, pcylmax developed under CR = 17 starts to rise more significantly compared to that under CR = 15. It is well known that biodiesel atomizes and evaporates poorer than fossil diesel. High-temperature conditions created under a high CR and injecting far from TDC (e.g., tinj > 14 DCA in this case) could help biodiesel to enhance its atomization and evaporation significantly. The enhancement along with oxygen content in biodiesel may improve its combustion quality and this in turn causes the significant increase in pcylmax. This phenomenon may be explained by carefully observing the combustion duration, position of ignition, position of peak pressure and combustion phasing, however, combustion is a very complex phenomenon and this is a subject for future study.



Along with HHV, viscosity, surface tension and cetane number are important parameters (even more important than HHV) impacting the fuel combustion characteristics and therefore in-cylinder pressure development. It is observed in this study that under some testing conditions like at CR = 17 and high advanced injection timing, B100 produces a higher maximum in-cylinder pressure with respect to that of B0. This might be attributed to the improvement in the atomization quality of B100 under these conditions along with the oxygen content in the fuel but this needs further investigations. Compared to conventional diesel, biodiesel has higher viscosity and surface tension and therefore poorer atomization quality [44]. One of the key characteristics of biodiesels is that the fuels contain oxygen in their molecules and this feature makes them special compared to fossil diesel. In compression ignition engines, the fuel oxygen enhances the combustion quality in the fuel spray’s reaction zone, where the fuel–air mixture is rich (lack of oxygen) [35,43]. Under high advanced injection timings like tinj = 18 and 20 DCA BTDC, biodiesel has a longer time to atomize and this along with the higher oxygen content of the fuel might enhance its combustion quality. This could be the reason for the higher cylinder pressure obtained here. Anyway, combustion is very complex and, as such, further investigations are required.



One of the most important parameters characterizing combustion is ignition delay and, as such, examining the delay time is critically important in studies related to engines and fuels. Basically, ignition delay is the period between the start of injection and start of combustion (SOC). Recording the start of injection can be straight forward through the engine management system (e.g., through the injection control system). Determining SOC, however, is quite challenging. In the literature, SOC or auto-ignition location is commonly defined as when the HRR locally becomes zero and reverses direction, although the natural flame emission was identified earlier than the SOC [35]. SOC is very sensitive to fuel molecule size and structure [43]. The first stage of combustion is called premixed burn duration. This duration is quite short [45] and leads to a high rate of heat release. The heat release rate during this stage is strongly dependent on the amount of air–fuel premixed during the ignition delay period [46]. The main combustion stage, diffusion combustion, is associated with a lower rate of heat release.



To investigate the influence of injection timing on combustion characteristics, HRR signals of B100 under mode M1 and different tinj are shown in Figure 4. Qualitatively, ignition delay times could be identified in this figure where HRR locally becomes zero and reverses direction. One example of ignition delay time is indicated in Figure 4a for B100 under a condition of injection timing of 20 DCA. Quantitative information of ignition delay times will be shown later at the end of Section 3.3.




3.3. Influence of Blending Ratio


Figure 5a–f show in-cylinder pressure signals for all biodiesel blends (B0, B10, B20, B40, B60 and B100) under the injection mode M1. The left column (Figure 5a,c,e) is shown for CR = 15, while the right column (Figure 5b,d,f) is for CR = 17. The top row (Figure 5a,b) is for tinj = 10 DCA BTDC, the middle row (Figure 5c,d) is for tinj = 16 DCA BTDC and the bottom row (Figure 5e,f) is for tinj = 20 DCA BTDC. Qualitatively, Figure 5 shows some differences in pmax developed by the engine when operating with those blends. Quantitative information about pmax developed by these biodiesel blends will be shown and discussed later in Section 3.6.



It is noted here that the influence of blending ratio on the in-cylinder pressure shown in Figure 5a–f is not quite significant. However, in general, an increase in the blending ratio of biodiesel shifts the start of the in-cylinder pressure rise from the compression trace to the left. This could be an evidence of auto-ignitability enhancement when increasing the blending ratio and will be investigated further through examining the HRR, shown later in Figure 6. It is shown in Figure 5 that the difference in in-cylinder pressure is quite small. The thermal conditions at SOI may be on the side of high-temperature combustion (HTC) regimes but this needs to be further investigated. Nevertheless, it is found by Westbrook et al. in an earlier study [47] that, under low-temperature combustion (LTC) regimes, the influence of hydrocarbon fuels and biodiesels is observable. Under HTC, however, the influence is not quite as significant.



Figure 6 shows the HRR of those blends tested in this study under mode M1. The left column (Figure 6a,c) is shown for CR = 15, while the right column (Figure 6b,d) is for CR = 17. The top row (Figure 6a,b) is for tinj = 10 DCA BTDC and the bottom row (Figure 6c,d) is for tinj = 20 DCA BTDC. It is quite clear here that adding biodiesel into the diesel–biodiesel blends leads to shorter ignition delay times. B100, generally, shows the shortest ignition delay, while B0 shows the longest ignition delay time. Varying the blending ratio from B0 to B100 leads to a difference of approximately 3 DCA in the ignition delay. This is obviously attributed to the higher CN of the biodiesel as reported earlier in this work. It is also noted that the differences amongst the HRRs at the start of combustion (SOC) are quite similar under CR = 15 (Figure 6a,c) and tinj = 16 DCA BTDC, CR = 17 (Figure 6d).



Figure 6b shows the smallest gap amongst the HRRs at SOC compared to that shown in other figures here. Under the high CR and small tinj reported in Figure 6b (CR = 17, tinj = 10 DCA BTDC), the temperature at SOI is high and this is attributable to the small difference in HRR at the start of combustion observed in this case. Compared to the HRR obtained in Figure 6a,c for CR = 15, the HRR shown in Figure 6b,d for CR = 17 is lower. This is understandable as the higher in-cylinder temperature under higher CR causes a shorter ignition delay and smaller premixed combustion fraction.



Ignition delay times of B100 at mode M1 but different injection timings, corresponding to the HRR shown in Figure 4, are shown in Figure 7a. As can be seen from Figure 7a, the injection timings strongly affect the ignition delay, and this is due to the difference in the premixed combustion fraction observed earlier in Figure 4. In general, injecting fuel further from the top dead center (TDC) leads to a longer ignition delay and, as such, a higher premixed combustion fraction. Injecting the fuels close to (TDC), like the case of tinj = 8 DCA, leads to a high temperature at SOI, Ti, and, as such, the fuel–air mixture is easier to be auto-ignited. Higher Ti leads to a shorter ignition delay time and smaller fraction of premixed combustion. Under CR = 17, Ti is higher and HRR is lower compared to those under CR = 15 (see Figure 4), and this is attributable to the shorter ignition delay under the higher CR conditions shown in Figure 7a.



Ignition delay times of all blends under mode M1 and injection timing tinj = 16 DCA BTDC, corresponding to the HRR shown in Figure 6d,c for CR = 15 and CR = 17, respectively, are shown in Figure 7b. It is clear here that increasing the blending ratio from B0 to B100 leads to increasing the CN, and this is obviously attributed to decreasing the ignition delay times or improving the fuel blend reactivity. It is observed here again that the higher in-cylinder temperature under higher CR causes a shorter ignition delay and smaller premixed combustion fraction.




3.4. Development of In-Cylinder Pressure and HRR under Constant Input Energy Supplying Modes


In engine experiments, engines are controlled under two main conditions, namely engine speed and load. Speed here is the crankshaft rotations per minute (rpm), while engine load is determined through engine torque (N·m) or engine power (kW) [36]. To obtain similar engine torque, supplying constant input energy to the tested engine is normally adopted, regardless of the fuel used. This is to account for the difference in heating values amongst the fuels tested. It is noted here again that both methods of fuel supplied (equal volume flow rate [42,48] and equal input energy [21], respectively) are available in the literature and this sometime confuses the reader. On the one hand, the control system normally uses volume flow rate (through injection pressure and duration) to drive the injectors and, as such, the approach of using equal volume flow rate (L/min) supplied for the engine when testing different fuels is quite common in the literature. This is particularly true with engines equipped with mechanical injection systems such as the one used in [48] for controlling the mechanical system to supply constant input energy, which is quite challenging. On the other hand, with different heating value fuels like biodiesel blends tested in this study, they produce different engine torque or different engine loading conditions when supplying an equal volume flow rate for all fuels. Relative comparisons of the engine performance when operating with different fuels under different engine loads, as such, may not be meaningful [9].



Figure 8a,d show in-cylinder pressure signals for all biodiesel blends (B0, B10, B20, B40, B60 and B100) under the injection mode Qconst (constant input energy (J/min) supplied amongst the biodiesel blends). For all blends, an energy flow rate of 463.6 J/min is supplied to the engine under this mode. This amount corresponds to the fuel volume flow rate of B0 at mode M1 (15.5 mL/min). The fuel volume flow rates of other blends can be calculated by multiplying 463.6 J/min with the blends’ heating value provided in Table 2. This mode was conducted only for CR = 15 and Figure 8 shows the pressure signals developed under tinj = 10 (Figure 8a), tinj = 12 (Figure 8b), tinj = 16 (Figure 8c) and tinj = 20 (Figure 8d). It is clear that the influence of fuel properties can be ignored here.



Nevertheless, results observed in Figure 8a,d indicate that the influence of blending ratios on the SOC is quite similar to the results observed earlier in Figure 5 showing results under mode M1, with a constant fuel volume flow rate. Figure 8 shows that although using the equal input energy approach brings the engine loads close amongst the blends tested, in this special equipment (the CFR engine), the auto-ignitability is mainly driven by the chemical profile of the testing fuels rather than the engine loads, and this is in a good agreement with the discussion shown earlier in Section 3.1. Again, Section 3.1 reports that the influence of engine load on in-cylinder development around the SOC is minimal. This may be probably true only in the CFR engine, as in this tool, the intake air temperature is well controlled and kept constant at 65 °C for all testing conditions. Under a similar thermal condition at SOI, the fuel evaporation rate and pre-mixing during the ignition delay period could be similar under different engine loading conditions and, as such, the auto-ignitability mainly depends on the fuel reactivity.



Figure 9 shows the HRR of the biodiesel blends under constant input energy modes, at injection timings tinj = 10 DCA (Figure 9a) and tinj = 16 DCA (Figure 9b). The influence of blending ratio on the ignition delay and premixed combustion fraction is quite clear and this is also similar to what has been observed in Figure 6 for similar volume flow rate conditions. A higher biodiesel fraction in the blend leads to a shorter ignition delay and this is attributed to the higher CN of the biodiesel.




3.5. Rate of In-Cylinder Pressure Rise


Figure 10a,d show the RPR for all biodiesel blends (B0, B10, B20, B40, B60 and B100) under the injection mode M1. The left column (Figure 10a,c) is shown for CR = 15, while the right one (Figure 10b,d) is for CR = 17. The top row (Figure 10a,b) is for tinj = 8 DCA BTDC, while the bottom row (Figure 10c,d) is for tinj = 20 DCA BTDC.



It is quite interesting from these figures that under high CR and/or short advanced injection timing conditions, like the cases shown in Figure 10a (tinj = 8 DCA BTDC, CR15) and Figure 10b (tinj = 8 DCA BTDC, CR17), the influence of fuel blending ratio on RPR is almost ignorable. Again, the combustion happening in these cases could fall into HTC regimes as mentioned earlier and, as such, the influence of fuel properties on ignition delay is minimal. It is also noted here that the HRR under CR = 17 is lower compared to that under CR = 15. Under higher CR conditions, the ignition delay time is shorter due to the higher in-cylinder temperature and pressure at the end of the compression stroke. The shorter ignition delay leads to a higher amount of air–fuel premixed.



Under low CR and/or long advanced injection timing conditions, like the cases shown in Figure 10c (tinj = 20 DCA BTDC, CR15) and Figure 10d (tinj = 20 DCA BTDC, CR17), however, the blending ratios significantly affect the RPR. A general trend observed in Figure 10c,d is that the fuels with lower CN will have higher RPR and this is due to their longer ignition delay and therefore high premixed combustion fraction as discussed briefly earlier in this study. For example, B100 (highest CN) shows the lowest RPR and this rapid rise in the RPR of B100 occurs earlier compared to other blends, as shown in Figure 10c,d.




3.6. Maximum In-Cylinder Pressure


Figure 11a,b show the maximum value of in-cylinder pressure, pcylmax, versus diesel–biodiesel blending ratio. Results shown in Figure 11a are for CR = 15 under the injection mode Qconst, while Figure 11b is for CR = 17 under the injection mode M1. As can be seen from Figure 11a,b, the influence of blending ratio on pcylmax is not significant except for the case of B10. A general trend observed for B10 in these figures is that when increasing the blending ratio from 0 to 10%, pcylmax generally increases. The higher pcylmax of B10 compared to B0 and B20 could be due to the lubricant enhancement when operating the engine with low blending ratios of biodiesel–diesel mixture. It has been claimed in [1,49] that adding a small amount of biodiesel into diesel fuel (e.g., 2–10 vol%) will help to improve the engine lubricant and therefore the thermal efficiency. The improvement of the lubricant is achieved due to the high viscosity of biodiesel compared to fossil diesel as can be seen in Table 2. When lubricant conditions are improved, the piston–cylinder thermal gap will be decreased as this may be attributed to the increase in the pcylmax observed for B10 in this case. When the blending ratio is high enough, like B20 in this study, the enhancement will not be achieved. Biodiesels are found to have higher lubricity with respect to fossil diesel [9,44]. However, biodiesels can contribute to the formation of deposits [9] and their higher viscosity and surface tension lead to their poorer atomization and vaporization [44]. The above-mentioned factors could be attributed to impairing the lubricant benefit when utilizing high-blending ratio diesel–biodiesel mixtures like B20 tested here.



It is also clear from Figure 11 that injecting fuel closer to the TDC leads to a lower pcylmax. The temperature at SOI is higher when injecting fuel closer to the TDC and this will lead to a shorter ignition delay and smaller fraction of premixed combustion. The smaller premixed combustion fraction is the main reason resulting in the lower pcylmax. It is noted here that this trend was qualitatively observed earlier in Figure 3 and Figure 4 and the quantitative result is reported here.




3.7. Maximum Rate of In-Cylinder Pressure Rise


Figure 12a,b show the MRPR for all biodiesel blends (B0, B10, B20, B40, B60 and B100) versus the thermal condition at SOI, 1000/Ti. Figure 12a is shown for CR = 15, while Figure 12b is for CR = 17. It can be seen from these figures that the MRPR is significantly affected by the thermal condition at SOI, thus a lower injection temperature (towards to the right side of the 1000/Ti axis) leads to a higher MRPR. It was noted earlier that low temperature at SOI leads to a long ignition delay and high premixed combustion fraction, and this is attributed to the high MRPR. Furthermore, MRPR values of those biodiesel blends are quite diverse, except for CR = 17, and in the range of 1000/Ti smaller than 1.23 shown in Figure 12b. Although it is not quite consistent, increasing the blending ratio generally deceases the MRPR. Under CR = 17 and in the range of 1000/Ti smaller than 1.23 shown in Figure 12b, the diversion of the MRPR amongst the blends disappears. Under the high CR and higher injection temperature, the combustion here may fall right in the low temperature range of the HTC strategy. It was observed earlier [47] that combustion characteristics of biodiesels and diesel are identical under HTC conditions.





4. Conclusions


An analysis of biodiesel blend combustion characteristics under a wide range of thermal conditions of a CFR engine has been extensively carried out in this study. It is observed that the oxygen content in biodiesel has significant effects on the fuel auto-ignitability. A higher blending ratio of a biodiesel–diesel mixture leads to its higher CN. The cetane number of pure biodiesel (B100) is almost 30% higher than that of fossil diesel (B0), and this could be due to the oxygen content in the biofuel. In this CFR-F5 engine, it is observed that varying the engine load has minimal effect on the premixed combustion. The HRR observed during the premixed combustion period is identical when testing the engine under different fuel flow rates. Higher fuel flow rates, however, lead to a higher HRR during diffusion combustion.



A higher temperature leads to a smaller premixed combustion fraction (due to a shorter ignition delay) and therefore a higher MRPR. At the same thermal conditions at SOI, when operating the engine under CR = 15 and 17, increasing the blending ratio generally has quite a small effect on in-cylinder pressure development, except for B10. The higher pcylmax of B10 observed here compared to that of B0 and B20 could be due to the lubricant enhancement when operating the engine with low blending ratios of biodiesel–diesel mixture. When using a low-blending ratio mixture like B10 in this case, the higher viscosity of the biodiesel may help to lower the thermal gap between the piston and the cylinder, and this may lead to an increase in in-cylinder pressure. Under high blending ratios, this benefit is not achieved.
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Figure 1. Experiment setup. (a) Cooperative fuel research (CFR) engine test-bed: 1. electric dyno; 2. top dead center (TDC) pickup sensor; 3. 13 degrees of crank angle (DCA) pickup sensor; 4. encoder; 5. air flow sensor; 6.pressure sensor; 7. combustion pickup sensor; (b) the CFR engine’s combustion chamber: 1. locking wheel; 2. handwheel; 3. micrometer; 4. ignition delay meter; 5. piston; 6. combustion chamber; 7. combustion pickup sensor; 8. injector; 9. injector needle lift sensor; 10. TDC pickup sensor; 11. 13 DCA pickup sensor; 12. flywheel. 
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Figure 2. Example of Pcyl (a) and heat release rate (HRR) (b) versus DCA (B0, at different modes M1 to M4, different fuel flow rates, tinj = 16, CR15). 
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Figure 3. Influence of in-cylinder thermal conditions at SOI on the development of in-cylinder pressure. (a) B0, M1, compression ratio (CR) = 15; (b) B0, M1, CR = 17; (c) B100, M1, CR = 15; (d) B100, M1, CR = 17. 
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Figure 4. HRR of B100, CR = 15 (a) CR = 17 (b) at mode M1, different injection timings. 
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Figure 5. Influence of blending ratio on the development of in-cylinder pressure under mode M1. (a) M1, tinj = 10, CR = 15; (b) M1, tinj = 10, CR = 17; (c) M1, tinj = 16, CR = 15; (d) M1, tinj = 16, CR = 17; (e) M1, tinj = 20, CR = 15; (f) M1, tinj = 20, CR = 17. 
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Figure 6. Influence of blending ratio on HRR under different constant fuel flow rate compression ratios. (a) CR = 15, M1, tinj = 10 DCA BTDC; (b) CR = 17, M1, tinj = 10 DCA BTDC; (c) CR = 15, M1, tinj = 16 DCA BTDC; (d) CR17, M1, tinj = 16 DCA BTDC. 
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Figure 7. Ignition delay of (a) B100 at mode M1 but different injection timings, corresponding to the HRR shown in Figure 4. (b) All blends at mode M1, tinj = 16 DCA BTDC, corresponding to the HRR shown in Figure 6c,d. 






Figure 7. Ignition delay of (a) B100 at mode M1 but different injection timings, corresponding to the HRR shown in Figure 4. (b) All blends at mode M1, tinj = 16 DCA BTDC, corresponding to the HRR shown in Figure 6c,d.



[image: Sustainability 12 07666 g007]







[image: Sustainability 12 07666 g008] 





Figure 8. Influence of blending ratio on in-cylinder pressure development when supplying constant input energy amounts (Qconst) to the cylinder. (a) Qconst, CR = 15, tinj = 10 DCA BTDC; (b) Qconst, CR = 15, tinj = 12 DCA BTDC; (c) Qconst, CR = 15, tinj = 16 DCA BTDC; (d) Qconst, CR = 15, tinj = 20 DCA BTDC. 
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Figure 9. HRR of biodiesel blends when supplying constant input energy amounts (Qconst) to the cylinder. (a) Qconst, CR = 15, tinj = 10 DCA BTDC; (b) Qconst, CR15, tinj = 16 DCA BTDC. 
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Figure 10. Rate of in-cylinder pressure rise versus DCA under different operating conditions. (a) M1, tinj = 8 TDC BTDC, CR = 15; (b) M1, tinj = 8 DCA BTDC, CR = 17; (c) M1, tinj = 20 TDC BTDC, CR = 15; (d) M1, tinj = 20 TDC BTDC, CR = 17. 
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Figure 11. Maximum of in-cylinder pressure versus cetane number (CN) (each curve shown here contains data of all biodiesel blends tested). (a) Qconst, CR = 15; (b) M1, CR = 17. 
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Figure 12. Max rate of in-cylinder pressure rise versus 1/Ti. (a) M5, CR15; (b) M5, CR17. 
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Table 1. CFR-F5 engine operating conditions under cetane testing modes [7].






Table 1. CFR-F5 engine operating conditions under cetane testing modes [7].










	Parameters, [Unit]
	Value
	Note





	Speed, [rpm]
	900 ± 9
	Rpm—revolution per minute



	Injection timing, [DCA BTDC]
	13
	DCA—degree of crank angle

BTDC—before top dead center



	Reference ignition delay, [DCA BTDC]
	13
	



	Fuel line injection pressure, [bar]
	103.0 ± 0.2
	



	Compression ratio
	8 ÷ 36
	



	Coolant temperature for injector, [°C]
	38 ± 3
	



	Lubricant pressure, [bar]
	1.75 ÷ 2.10
	



	Lubricant temperature, [°C]
	57 ± 8
	



	Engine coolant temperature, [°C]
	100 ± 2
	



	Intake air temperature, [°C]
	65 ± 0.5
	



	Valve thermal gaps, [mm]
	0.200 ± 0.025
	



	Lubricant type
	SAE 30
	










 





Table 2. Important properties of fuels tested [7].
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	Property
	Unit
	Testing Method
	B100
	B60
	B40
	B20
	B10
	D(B0)





	Ester content
	wt%
	EN 14103
	98.91
	—
	—
	—
	—
	—



	Glycerin content
	wt%
	ASTM D6584
	0.0
	—
	—
	—
	—
	—



	Phosphorus content
	wt%
	ASTM D4951
	0.0002
	—
	—
	—
	—
	—



	Sodium/potassium, combined
	mg/kg
	EN 14538
	0.1
	—
	—
	—
	—
	—



	Oxidation stability, 0 months
	h
	EN 14112
	6.02
	—
	—
	24.07
	111.9
	—



	Oxidation stability, 8 months
	h
	EN 14112
	—
	—
	—
	6.8
	87
	—



	Palmitic, C16:0
	wt%
	—
	28.09
	—
	—
	—
	—
	—



	Stearic, C18:0
	wt%
	—
	9.53
	—
	—
	—
	—
	—



	Oleic, C18:1
	wt%
	—
	43.47
	—
	—
	—
	—
	—



	Linoleic, C18:2
	wt%
	—
	18.02
	—
	—
	—
	—
	—



	Iodine value
	gI/100 g
	EN 14111
	48.0
	—
	—
	—
	—
	—



	Saponification number
	mgKOH/g
	ASTM D664-04
	177.3
	—
	—
	—
	—
	—



	Acid number
	mgKOH/g
	ASTM D664
	0.06
	—
	—
	—
	—
	—



	Water content
	wt%
	ASTM D95-05
	0.20
	—
	—
	—
	—
	—



	Flash point
	°C
	ASTM D93
	183.5
	130.3
	110.5
	87.80
	77.08
	68.50



	Kinematic viscosity at 40 °C
	mm2/s
	ASTM D445
	4.6
	3.85
	3.60
	3.32
	3.18
	3.11



	Relative density at 15 °C
	—
	ASTM D1298
	0.874
	0.865
	0.852
	0.845
	0.842
	0.839



	Higher heating values
	MJ/kg
	—
	38.10
	41.53
	42.01
	44.62
	45.20
	46.18



	Cloud point
	°C
	ASTM D2500
	18
	—
	—
	—
	—
	—



	Pour point
	°C
	ASTM D97
	—
	—
	—
	−3
	−3
	—



	Cetane number
	—
	ASTM D613
	66.9
	62.4
	57.4
	54.5
	53.7
	52.4



	Auto ignition temperature
	K
	ASTM E659-78
	494
	—
	—
	—
	—
	481



	Molecular weight
	g/mol
	
	295.31
	243.86
	223.91
	206.74
	199.02
	191.8



	Atom Fraction
	
	
	
	
	
	
	
	



	C content
	wt%
	
	76.96
	80.86
	82.85
	84.87
	85.90
	86.93



	H content
	wt%
	
	12.17
	12.48
	12.64
	12.80
	12.88
	12.96



	O content
	wt%
	
	10.83
	6.62
	4.47
	2.29
	1.18
	0.07
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