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In this study, the ignition and combustion characteristics of fast pyrolysis bio-oil (FPBO) are investigated in a combustion research unit (CRU), which mainly consists of a constant-volume combustion chamber. To fuel the CRU with FPBO, n-butanol and 2-ethylhexyl nitrate (EHN) are used to improve the atomization and ignition properties of the fuel blends, respectively. In the first part of this study, an appropriate proportion of EHN additive into n-butanol is determined based on the balance between the ignition improvement and the amount of EHN addition. Then, the effects of FPBO content (up to 30%) in FPBO/n-butanol blends with the same EHN addition are investigated. The effects of chamber wall temperature on the combustion are also studied. Finally, the different definitions of indicators are determined from the chamber pressure traces to quantitatively depict fuel ignition and combustion characteristics including ignition delay, combustion phasing, end of combustion and burn duration. Experimental results show that a distinct two-stage ignition process can be observed for all cases. For n-butanol with added EHN, the increase of EHN proportion could effectively advance both the low- and high-temperature reaction phases. However, this gain is obviously reduced when the percentage of EHN becomes higher than 8%. For FPBO/n-butanol blends with an addition of EHN, higher FPBO proportions have little effect on the low-temperature reaction phase, while they delay the high-temperature reaction phase. Chamber wall temperature have a significant influence on the ignition and combustion processes of the tested FPBO/n-butanol blends. With these blends, negative temperature coefficient behavior was observed in a chamber wall temperature range of 535–565°C.
Keywords: n-butanol, fast-pyrolysis bio-oil, ignition, combustion, 2-ethyl-hexyl nitrate, combustion research unit, constant-volume combustion chamber
1 INTRODUCTION
Using biomass-derived fuels to replace fossil-based fuels is a promising way to contribute to net-zero carbon dioxide emissions. Fast pyrolysis is an efficient process to convert biomass with lower energy densities to liquid biofuel with higher energy densities. In the process of fast pyrolysis, the organic materials are heated rapidly to 450–600°C in the absence of oxygen. After a short residence time of several seconds, the vapor is quickly condensed to a liquid called fast pyrolysis bio-oil (FPBO) (Bridgwater, 2012; Broumand et al., 2020). Typical feedstock includes forestry residues such as sawdust, agricultural byproducts such as corn stover, and organic waste from the paper industry.
Amongst others, FPBO is studied to fuel stationary diesel engines for combined heat and power generation (SmartCHP, 2019). However, its special physical and chemical properties limit the direct application in conventional diesel engines (Hossain and Davies, 2013; Mueller, 2013). Several comprehensive reviews on properties of FPBO are available (Mueller, 2013; Lehto et al., 2014; Broumand et al., 2020), all showing how the fuel properties of FPBO highly depend on the type of feedstock and the production process. Generally, FPBO has a high water content (15–30 wt%) and a high oxygen content (30–50 wt%). Besides, it also contains some solids (polymer and char) and ash particles (metal and salts). Compared to the ignition delay of commercial diesel fuels, the high-temperature reactions of FPBO in a compression ignition engine are delayed. This is a result caused by both the degraded atomization from the higher viscosity, and the lower chemical reactivity (van de Beld et al., 2013; van de Beld et al., 2018). Other properties of FPBO to consider are its acidity and its tendency to polymerize. The high acidity (pH 2–3) of FPBO may lead to corrosion in metal and elastomeric materials of the fuel supply and injection system (Kass et al., 2015; Kass et al., 2020). Its tendency to polymerize at elevated temperatures may lead to nozzle clogging and coking (Broumand et al., 2020; Wang and Ben, 2020).
Blending the FPBO with a higher-quality base-fuel is a common solution to fuel an unmodified diesel engine with FPBO. Alcohol fuels have been widely used to blend both normal diesel and biofuels (Zheng et al., 2015; Atmanli and Yilmaz, 2018; Atmanli and Yilmaz, 2020; Liu et al., 2020) Due to the polar properties of FPBO, it is common practice in fuel blending to mix FPBO with polar solvents such as ethanol (Lee et al., 2013; Lee and Kim, 2015) or butanol (Lee et al., 2013; Lee et al., 2020). Blending FPBO with alcohols could effectively reduce the viscosity as well as the surface tension, increase its volatility, and curb polymerization. All these effects could improve the blend’s stability and atomization characteristics. However, the ignition characteristics of both FPBO and alcohols are inferior than diesel. Therefore, additional ignition improver should be added into the fuel blends to achieve timely autoignition and appropriate combustion properties in a compression-ignition engine (Alcala and Bridgwater, 2013; Atmanli, 2016).
The objective of this work is to explore the ignition and combustion characteristics of FPBO. N-butanol is chosen as the blending component because of its higher reactivity when compared to ethanol. A modest amount of the commercial ignition improver 2-ethylhexyl nitrate (EHN) is added into the fuel blends to improve the ignitability. A constant-volume combustion chamber (CVCC) is employed in this study to provide well-defined and quiescent boundary conditions for the investigation of ignition and combustion characteristics. The present work is structured as follows. Section 2 introduces the experimental setup, tested conditions, and data process method. Then in Section 3 the definitions of indicators to evaluate ignition and combustion characteristics are described. After that, the results are analyzed and discussed in Section 4. The general conclusions are detailed in the last section of this paper.
2 METHODOLOGY
2.1 Combustion Research Unit
The combustion research unit (CRU) from Fueltech Solutions AS is used to measure the ignition and combustion characteristics of fuel blends. Figure 1 shows a schematic of the constant-volume combustion chamber (CVCC) in the CRU. The ambient gas is admitted to the chamber by external high-pressure gas cylinders which contain compressed synthetic air and nitrogen. Electric heaters are used to heat up the combustion chamber to the desired temperature. Table 1 shows the basic parameters of the CRU. Two thermocouples are installed at two different locations in the inner wall surface to ensure a uniform and accurate chamber temperature (<1°C difference).
[image: Figure 1]FIGURE 1 | Schematic overview of the Combustion Research Unit (CRU).
TABLE 1 | CRU basic parameters.
[image: Table 1]In the fuel supply and injection system of the CRU, a pressure amplifier is driven by the hydraulic oil pump, providing a fuel pressure of between 300 and 1,500 bar to the injector (Bosch CRIP2, seven orifices with diameter of 0.16 mm, umbrella angle of 158°, part no. 0445110157). A water-cooling system is installed to avoid excessive temperatures around the injector nozzle. Two dynamic pressure sensors (Kistler) are installed in the fuel rail, and in the combustion chamber, respectively. They monitor the fuel injection pressure and chamber pressure variation during the injection and combustion process at a rate of 50 kHz. More information about the experimental setup can be found in previous studies (Han et al., 2021; Han and Somers, 2021; Wang et al., 2021).
2.2 Tested Fuels and Operating Conditions
In this study, n-butanol (CAS 71-36-3) and EHN (CAS 27247-96-7) are used as solvent and ignition improver, respectively, for testing FPBO in the CRU. The FPBO sample is provided by BTG Biomass Technology Group BV. Previous studies showed that addition of ignition improver to low-cetane number fuels significantly improves their ignition properties. However, the effectiveness decreases when increasing the amount of ignition improver (van de Beld et al., 2013).
The present study first tests five different additive amounts of EHN from 2% to 10% in n-butanol (in this work, all blend ratios in percentage refer to mass fraction), to determine an appropriate dosage of ignition improver. Based on the results, EHN mass fraction is subsequently fixed at 5% and mixed with FPBO/n-butanol blends containing seven different FPBO mass fractions from 0% to 30%. Table 2 lists the name abbreviations of the tested fuel blends and their compositions. Table 3 compares the main properties among diesel, n-butanol, FPBO and EHN.
TABLE 2 | Compositions of tested fuel blends (1,000 ppm of lubricity enhancer, Infineum R655, is added in all the blended fuels).
[image: Table 2]TABLE 3 | Fuel properties of diesel, n-butanol, FPBO and EHN.
[image: Table 3]To investigate the effects of chamber wall temperature, sweeps of chamber temperature (Twall) are performed from 490 to 580°C in steps of 15°C. Other CRU operation conditions are kept constant to an initial chamber pressure (Pinit) of 30 bar, an injection pressure (Pinj) of 1,500 bar, and injection duration (τdur) of 1.5 ms. It is noteworthy that in CRU output data, the hydraulic delay of 0.340 ms is already corrected to show the chamber pressure after the start of injection (ASOI). During the test, each measurement includes eight injections, where only the final five injections are recorded and ensemble averaged.
2.3 Data Processing
The chamber pressure data is used to calculate the total heat release rate (HRR) and mass fraction burned (MFB) with appropriate corrections, as shown in Figure 2. First, a speed of sound correction is applied on the raw chamber pressure (Lillo et al., 2012). The dynamic pressure sensor is installed in the bottom of the chamber at a distance of 90 mm from the injector nozzle tip. Due to the limited propagation velocity of pressure wave (i.e., speed of sound), there is a delay between start of ignition and pressure increase detected by dynamic pressure sensor. The distance between the dynamic pressure sensor and the spray axis is used to determine the signal delay in chamber pressure and the speed of sound is calculated from the following equation,
[image: image]
where [image: image] is the specific heat ratio of the ambient gas in the chamber, [image: image] is the universal gas constant, [image: image] is the ambient temperature, and [image: image] is the mean molecular weight of the ambient gas. For all test conditions, air is used as ambient gas, the initial wall temperature, [image: image], is assumed to be the same as the ambient temperature, and the specific heat ratio of air, [image: image], is determined from the [image: image]- [image: image] table of air (Poferl and Svehla, 1973). Typically, the propagation time of pressure wave is about 0.15 ms.
[image: Figure 2]FIGURE 2 | Flow chart of data processing.
The corrected pressure data can be used to calculate the total heat release rate. According to the first law of thermodynamic, in a CVCC system, the total heat release rate, i.e., chemical energy release rate, [image: image], is determined with the following equation,
[image: image]
where [image: image] is the net heat release rate and [image: image] the rate of heat transfer to the chamber wall (Heywood, 2018). In absence of a change of volume, the net heat release rate in a CVCC can be described by
[image: image]
where [image: image] is the specific heat ratio of the ambient gas, [image: image] is the total volume of the chamber, and [image: image] is the pressure rise rate (PRR). In Figure 3, the black curves show the corrected pressure (top) and PRR (bottom) profiles of the reference fuel, EN590 diesel at the benchmark condition. For the highly reactive fuels like diesel, the injected fuel first experiences atomization and evaporation processes, then mixing with the ambient air. After a short time, the premixed fuel/air mixture autoignites and releases heat rapidly, resulting in a steep pressure increase. Subsequently, the remainder of the fuel burns in a mixing-controlled and/or burnout phase. Along with the increasing pressure produced by combustion, the mean temperature of the ambient gas also rises, while the temperature of chamber wall keeps almost unchanged because of thermal inertia. Hence, there is a heat loss due to the heat transfer from ambient gas to chamber wall, which makes the pressure profile drop after it reaches a peak around the end of combustion. From Eq. 2, after the combustion reactions are finished, [image: image], so that [image: image]. In this study, a simple heat transfer model is used to evaluate the heat transfer rate from ambient gas to chamber wall. We assume the thermodynamic state inside the chamber is uniform. The mean temperature of ambient gas [image: image], is a function of the chamber pressure under ideal gas assumption. According to the Fourier’s law, heat transfer rate can be determined with the following equation,
[image: image]
where [image: image] is the total area of chamber inner surface, and [image: image] is the thermal conductivity. From Eqs 2–4, the coefficient, [image: image], is determined using the PRR data after the combustion reaction is finished. The [image: image] calculated from EN590 diesel at the benchmark condition (as shown in Figure 3) is applied to all the test cases for the heat transfer rate calculation.
[image: Figure 3]FIGURE 3 | Results of EN590 diesel as a function of time ASOI (two different scales are used to show results in 0–5,5–30 ms, respectively). Top: pressure and cumulative heat release profiles. Bottom: PRR and HRR profiles. Test conditions: Twall = 580°C, Pinit = 30 bar, Pinj = 1,500 bar, τdur = 1.5 ms.
Figure 3 also shows the cumulative heat release (top) and HRR (bottom) profiles. The cumulative heat release is the integration of [image: image] (i.e., HRR), which levels off after it reaches the peak, meaning that the heat transfer model is valid. However, this cumulative heat release is still not fully monotonically increasing, especially near the end of combustion (near 10 ms ASOI). This is because in the actual situation, the heat transfer from the ambient gas to the chamber wall is complicated. On the one hand, the temperature field of the ambient gas is non-uniform; on the other hand, during the combustion process, spray flame/wall interaction occurs due to the small chamber diameter, resulting in local heat losses (Maes et al., 2020). The current model is adequate for comparing fuels at similar injection conditions in the CRU, more detailed improvements is beyond the topic of the present study.
Finally, mass fraction burned (MFB) is calculated from the integration of HRR divided by the total chemical energy of the injected fuel (Heywood, 2018; Li et al., 2019). In the cumulative heat release profile, the initial negative value is caused by evaporative cooling, and the lowest value is used to evaluate the total heat absorption for the total heat release calculation. The injection volume is determined by dividing the calculated total chemical energy of EN590 diesel by its LHV at the benchmark condition. The calculated injection volume is likely to be smaller than the actual value because of the local heat losses due to spray flame/wall interaction. It is worth noting that injection volume is also slightly influenced by the physical properties of fuel, like viscosity and volatility, while in this study the same injection volume is applied to all tested fuel blends as a constant.
3 DEFINITIONS OF INDICATORS TO EVALUATE FUEL IGNITION AND COMBUSTION CHARACTERISTICS
Figure 4 shows a typical set of pressure, HRR, dHRR/dt, and MFB profiles for a single test case (EHN-4 at [image: image] = 550°C). The red solid curve is the ensemble-averaged result from five injections, while the red shaded area represents the 95% confidence interval (CI). The first decrease in pressure and negative HRR are caused by evaporative cooling and the initial endothermic pyrolysis reactions (Somers et al., 2018). Subsequently, different from the premixed and mixing-controlled/late combustion phase of diesel combustion (in Figure 3), the distinct two-stage ignition process, low-temperature reaction (LTR) and high-temperature reaction (HTR) phases can be observed. This is because the chemical reactivity of tested fuel is relatively low and the injection duration is relatively short, decoupling the combustion process from the injection process. The two-stage ignition processes can be explained from a chemical kinetic perspective. During the LTR phase, low-temperature combustion products such as formaldehyde form. The consumption of high-reactivity radicals leads to the decrease in chemical reaction rate, but the local temperature keeps rising. When the local temperature reaches a critical value, the high-temperature branch of the ignition mechanism becomes dominant, leading to the jump in chemical reaction rate (corresponding to the jump in HRR) and releasing most of chemical energy in HTR phase.
[image: Figure 4]FIGURE 4 | Pressure, HRR, dHRR/dt, and MFB results of EHN-4 for [image: image] = 550°C. The red solid curve shows the ensemble-averaged result from five injections, while red shaded regions represent the 95% confidence interval for each averaged result. The combustion indicators are shown by blue dashed lines. Two solid blue lines in the dHRR/dt panel are the linear fits of the two positive slopes of the dHRR/dt profile within the high-temperature reaction phase, respectively.
To quantitatively evaluate fuel ignition and combustion characteristics, some indicators are generally introduced. Examples of these indicators include the ignition delay (ID), combustion phasing (CP), end of combustion (EC), and the burn duration (BD). However, there are many different definitions for these indicators in combustion studies using pressure-based analysis. Table 4 lists the definitions of indicators used in this study, and they are explained and discussed in this section.
TABLE 4 | Definitions of indicators.
[image: Table 4]3.1 Ignition Delay
The ignition delay is the most important indicator to evaluate fuel ignitability. As shown in Table 4, four definitions of ignition delay are employed in this study: ID0.2, ID5%, IDminP, and IDHTR. The first three definitions have been widely used to investigate diesel-like fuels. However, the last one is specifically adopted for the fuels with two-state ignition phenomenon since in a real engine, the timing of the HTR is a crucial factor for engine efficiency and emission.
ID0.2 sets a fixed pressure change to define ID, which was adopted in ASTM D7668 (ASTM, 2017), and by many researches subsequently (Kuszewski, 2018; Liang et al., 2019; Oliva and Fernández-Rodríguez, 2020).
Another ASTM standard, ASTM D6890 (ASTM, 2021) and several other studies (Somers et al., 2018; Zhang et al., 2021) employed the pressure recovery point to define ID as IDminP, which also falls within the definition of a fixed pressure change, similar to ID0.2. At the minimum pressure, the heat release rate from the exothermic reactions exceeds the heat absorption rate caused by liquid evaporation and endothermic reactions (Somers et al., 2018). Therefore, it is a good indicator to identify the start of the low-temperature reaction phase, while its application is sometimes restricted due to the unobvious absolute changes for different cases.
ID5% is the moment where 5% of fuel chemical energy is released. ID5% adapts to the change of total energy input when varying injector mass flow (different orifices), injection pressure, injection duration, or fuel components, so that ID5% is more robust than ID0.2 in these cases (Joshi et al., 2015; Rabl et al., 2015; Krivopolianskii et al., 2019; Li et al., 2019).
IDHTR is determined as the horizontal intercept of the linear fit of the first positive slope of the dHRR/dt profile within the HTR phase. As shown in Figure 4, there is a long period between the two peaks in the HRR profile. All the fixed-value ignition delay definitions (ID0.2, ID5%, and IDminP) are located near the first peak caused by the LTR. Within HTR phase, the change of HRR can be determined using dHRR/dt profile, so that the zero-crossing point of the first positive slope of dHRR/dt, IDHTR, represents a more realistic result for the start of intense high-temperature heat release without using a fixed-value definition. Similar methods such as the IDHRT definition described here were adopted in some studies as well (Joshi et al., 2015; Zhang et al., 2021). Therefore, the IDHTR is employed in this study to characterize the HTR phase while all definitions will be shown while analyzing the results.
3.2 Combustion Phasing
Combustion phasing (CP) is crucial for thermal efficiency in engine work, and it is often defined as the moment where 50% of fuel chemical energy is released in engine experiments (Caton, 2014). Therefore, in this study, CP50% is defined as the moment for 50% MFB. Similar CP definitions were also used in ASTM D7668 (ASTM, 2017), and in some recent studies (Kuszewski, 2018; Krivopolianskii et al., 2019). CPmaxHRR is defined as the moment for the peak HRR. The similar definitions were adopted in IP 541 standard (IP, 2006) and some studies (Prak et al., 2013). It should be noted that for cases with significant mixing-controlled burn, i.e. diesel combustion at a relatively long injection duration, the maximum HRR is produced by the early premixed burn, making this CP definition not sufficient to estimate engine efficiency. Hence, CPmaxHRR is generally employed in cases where the injection and combustion processes are sufficiently decoupled.
3.3 End of Combustion
Two definitions of the end of combustion are employed in this study. EC90%, the moment for 90% MFB, is used to label the timing when most of the fuel’s chemical energy is released by combustion reactions. In addition, just like IDHTR, ECHTR is determined as the horizontal intercept of the linear fit of the second positive slope of the dHRR/dt profile within the HTR phase, to characterize the end of the high-temperature reactions.
3.4 Burn Duration
Based on the indicators defined above, three definitions of burn duration are calculated:
1 burn duration of low-temperature reaction (BDLTR) is the period between IDminP and IDHTR;
2 burn duration of high-temperature reaction (BDHTR) is the period between IDHTR and ECHTR;
3 burn duration (BD5-90) is the period between ID5% and EC90%.
As shown in Figure 4, the BDLTR could be quite long if the fuel reactivity or the chamber wall temperature is low, while the BDHTR is quasi-symmetrically distributed on both sides of the high-temperature heat release peak in the HRR profile. This is quite different from the HRR profile in conventional diesel combustion (CDC), but more like the HRR profile in homogeneous reactor where heat release process is dominated by chemical kinetics rather than fuel/air mixing rate.
4 RESULTS AND DISCUSSION
4.1 Effects of EHN Addition on N-Butanol Combustion
In this section, different amounts of the ignition improver (EHN) are added into n-butanol and effects of the fuel blends on ignition and combustion characteristics are analyzed. Figure 5 shows the heat release rate (HRR) and mass fraction burned (MFB) profiles of five fuel blends with different EHN additions (from 2% to 10% at the chamber wall temperature of 580°C). According to the HRR profiles, higher proportions of EHN result in more and earlier low-temperature heat release, and hence, the high-temperature heat release is obviously advanced and the HRR peak is elevated. The MFB profiles show that n-butanol with 4%–10% EHN addition can realize a relatively high combustion efficiency (the MFB profile exceeds 90% and eventually flattens out), while the combustion efficiency for n-butanol with 2% EHN addition is slightly lower. The combustion efficiency of EHN-10 reaches 96.8% at 16 ms ASOI, which is a little lower than the expected value. Besides the possibility of incomplete combustion, the deviation of the calculated injection volume is also likely to lead to this result.
[image: Figure 5]FIGURE 5 | HRR and MFB profiles of n-butanol and EHN blends with EHN mass fractions of 2%–10% ([image: image] = 580°C).
Figure 6 shows the indicators of ignition and combustion characteristics for n-butanol with addition of 2%–10% EHN at three different chamber wall temperatures (520, 550, and 580°C). As mentioned before, the shown results are ensemble averages of five injections. The error bars in Figure 6 show the corresponding 95% confidence intervals. The three panels in the top row present the ignition delay results. Generally, higher amounts of EHN could effectively shorten the ignition delay, but this effect is obviously reduced when the percentage of EHN exceeds 8%. As expected, IDHTR gives the highest value among four definitions of ignition delay, while IDminP is always the lowest. It is noteworthy that the measured ignition delays for almost all cases are longer than the injection duration (fixed at 1.5 ms), meaning that the ignition and combustion processes for tested fuels are decoupled from the fuel injection. Opposed to the diesel combustion process shown in Figure 3, there is no overlap between injection and main combustion for the tested fuels. Therefore, a two-stage ignition phenomenon (LTR and HTR) can be distinctly identified in Figure 6. ID5% and ID0.2 show good consistency at 520 and 550°C, while at 580°C ID5% gradually deviates from ID0.2 and approaches IDHTR with increase of EHN proportion.
[image: Figure 6]FIGURE 6 | Results of ignition and combustion indicators for n-butanol with addition of 2%–10% EHN at different chamber wall temperatures.
The two most widely used ID definitions, ID0.2 and ID5%, can capture the fuel ignition tendency when changing fuel composition or chamber wall temperature, and both have good repeatability. Compared to other ID definitions, IDHTR has the largest value and shows a higher uncertainty, especially at a lower chamber wall temperature. However, it is extremely relevant for fuel blends at conditions where due to a long ignition delay two-stage ignition becomes prominent. On the one hand, IDHTR is more significant to characterize the effect of chamber wall temperature on fuel ignition process. On the other hand, it also shows the significant influence of EHN addition on advancing HTR, especially at the lowest chamber temperature of 520°C. In fact, the other ID definitions only show a limited effect of EHN addition. IDminP is not adequate to depict ignition properties since its relative change is quite small and it is insensitive to the different chamber wall temperatures.
Combustion phasing and end-of-combustion results are shown in the three panels in the second row of Figure 6. The two definitions of combustion phasing, CP50% and CPmaxHRR, give nearly the same results with good repeatability. The increase of EHN proportion leads to an advanced CP, but consistent with ID results, this effect becomes less obvious when the EHN content is higher than 8%. The ECHTR profile shows a similar trend as the CP, but its uncertainty at 520°C is relatively high. At 580°C, the EC90% and ECHTR are almost the same for EHN percentages of 6–10%. However, for the cases with lower EHN addition or lower chamber temperature, the final fuel conversion rates cannot reach 90% and thus EC90% cannot be determined. Nevertheless, if we reduce the MFB threshold for EC definition, e.g., to 80%, significant heat release can be observed after EC80% for the fuels with high EHN content at 580°C, as shown in Figure 5. Consequently, the applicability of EC defined by the fixed MFB is restricted when changing temperature or testing fuels with quite different reactivity.
Burn duration (BD5-90, BDLTR and BDHTR) results are shown in the third row of Figure 6. At 520°C, the undetermined EC90% also prevents meaningful BD5-90 values for most cases. In addition, BDLTR decreases substantially with the rising of EHN content, while interestingly, the BDHTR remains practically unchanged. However, at 580°C, the increase of EHN percentage leads to a significant decrease in BDLTR as well as a moderate decrease in BDHTR. This is because at lower temperature, the two peaks in HRR profiles are detached, and hence the small change in EHN content (2%–10%) could mainly shorten the LTR phase but has little influence on HTR phase. However, at higher temperature, the two peaks in the HRR profiles overlap to some degree, as shown in Figure 5. Therefore, the reduced BDLTR as a result of the increased EHN content also leads to the shorter BDHTR.
According to the above discussion, it is decided that EHN addition into n-butanol with a mass fraction of 5% provides a good balance between the improvement of ignitability and the dosage of ignition improver. This EHN dosage is used in the next section to study the ignition properties of FPBO/n-butanol blends.
4.2 Effects of FPBO Content on FPBO/N-Butanol Blends Combustion
In this section, FPBO/n-butanol blends with a 5% EHN addition are studied. First, Figure 7 shows the HRR and MFB profiles of FPBO-30 at different chamber wall temperatures. It can be seen that FPBO-30 fails to initiate high-temperature reactions at 490°C, and that combustion is not complete within 45 ms at 505°C. With the increase of temperature, both of LTR and HTR phases are advanced, and the apparent combustion efficiency increases. However, in most of cases, the final fuel conversion rate does not reach 90% which is substantially less than the combustion efficiency found for the n-butanol/EHN blends. FPBO is the condensate of organic vapors at temperatures higher than 450°C, meaning that it contains some high boiling point components that are difficult to evaporate after injection. Even worse, FPBO has a tendency to polymerize when temperatures are higher than 80°C (CEN, 2017; Broumand et al., 2020), so some even heavier components are likely to be formed when the fuel is heated before injection. The fuel temperature in the sac of the injector nozzle can reach around 100°C in a pre-burn CVCC (Malbec et al., 2013). For an electronically heated CVCC like the CRU, temperatures in the sac of the injector are expected to be even much higher. These heavier components may precipitate from the fuel and form solid particles, which are difficult to oxidize completely during the fuel combustion process and have a large effect on the combustion efficiency.
[image: Figure 7]FIGURE 7 | HRR and MFB profiles of FPBO-30 at different chamber wall temperatures (490–580°C).
Figure 8 shows the indicators of FPBO-30 as a function of chamber wall temperature. Generally, the higher chamber wall temperature results in a shorter ignition delay. However, the behavior of ID0.2 and ID5% in the chamber wall temperature range of 535–565°C imply that a so-called negative temperature coefficient (NTC) phenomenon probably happens (i.e., a further temperature rise leading to a slower chemical reaction rate within a certain temperature range). For alkanes like n-heptane, the synergy effect of three elementary reactions (RH + O2 = R + HO2, HO2 + HO2 = H2O2 + O2, H2O2 = 2OH), results first in a decrease in reactivity, followed by a subsequent increase when the temperature rises in a certain range (Curran et al., 1998). These observations generally hold for experiments and simulations in homogeneous reactor systems. In this study, however, the mixing time of injected fuel and ambient air is different for the changed chamber wall temperatures. Hence, more chemical kinetic analysis should be performed to further investigate the NTC phenomenon for n-butanol with addition of EHN. In addition, CP50%, CPmaxHRR, and ECHTR have the same trend: they are significantly advanced with the increased temperature. Both BDLTR and BDHTR are shortened at higher temperature, but as mentioned in the previous section, the BDLTR is more sensitive to a change of temperature than the BDHTR.
[image: Figure 8]FIGURE 8 | Results of ignition and combustion indicators for FPBO-30 at different chamber wall temperatures (490–580°C).
Figure 9 compares the effects of FPBO proportion on HRR and MFB profiles at 550°C. As shown in the figure, HRR profiles of fuel blends with various FPBO proportions are almost the same during the LTR phase, while substantial differences exist in the HTR phase. Generally, the increase of FPBO content results in a delayed HTR phase, a declined peak value of HRR, and a reduced final fuel conversion rate. This is because the chemical reactivity of FPBO is lower than n-butanol, and its heavier components experience the slow evaporation and combustion processes, prolonging the burn duration.
[image: Figure 9]FIGURE 9 | HRR and MFB profiles of FPBO and n-butanol blends with FPBO mass fractions of 0%–30% (5% EHN, [image: image] = 550°C).
Figure 10 shows the results of indicators as a function of FPBO mass fraction at three chamber wall temperatures. The flat profiles of IDminP, ID0.2 and ID5% indicate that the effect of FPBO content on the LTR phase is negligible. FPBO content has little influence on IDHTR except for larger blend ratios (>20%), where FPBO worsens the ignitability of the mixture. This effect is only marginal at higher temperatures.
[image: Figure 10]FIGURE 10 | Results of ignition and combustion indicators for FPBO and n-butanol blends (5% EHN) at different chamber wall temperatures.
Also for these blends (like for n-butanol/EHN blends), the combustion phasing CP50% remains similar to CPmaxHRR. At 520°C, a higher FPBO proportion results in a delayed CP, but this effect becomes less obvious at higher temperatures, indicating that elevated temperatures improve the evaporation and combustion processes of FPBO. In real engine applications, increasing in-cylinder temperatures at the end of the compression stroke could improve the applicability for fuels with different FPBO proportion. The end-of-combustion metric ECHTR shows similar trends to the CP but has large uncertainty at 520°C. This uncertainty increases with FPBO content. This indicates that an increased FPBO proportion may increase the cyclic variability in an engine, especially under low load conditions in which the in-cylinder temperature is relatively low. EC90% can only be determined at higher temperatures, and it again increases with FPBO proportion.
With respect to the BDLTR and BDHTR, results show that the increase of FPBO prolongs BDHTR at 550 and 580°C, but it has little effect on the BDLTR. However, at 520°C, higher FPBO content leads to an increased BDLTR. These can be explained by the trend of IDHTR as mentioned above. As ECHTR was hard to determine due to the large uncertainty, the BDHTR results could not be evaluated at 520°C.
5 SUMMARY AND CONCLUSION
The ignition and combustion characteristics of n-butanol and FPBO/n-butanol blends are experimentally investigated in a combustion research unit with addition of EHN as an ignition improver. Based on the chamber pressure traces during fuel injection and combustion process, different definitions of combustion indicators are adopted and compared to quantitatively describe the fuel ignition and combustion characteristics. These include ignition delay, combustion phasing, end of combustion, and reaction time. Their applicability and effectiveness for various fuel blends at different chamber wall temperature are analyzed. EHN of 5 wt% is found to provide a good balance between the enhanced ignitability and the dosage of ignition improver. Therefore, this dosage of EHN is used to improve the ignition property of FPBO/n-butanol blends. The fuel blends with different FPBO mass fractions from 0% to 30% are tested and the effects of chamber wall temperature are studied.
The main findings from this study are listed as follows.
1 For n-butanol with EHN addition of 2%–8%, two-stage ignition can be observed for all cases. Adding more EHN into n-butanol results in more and earlier low-temperature heat release. The high-temperature heat release is clearly advanced and its peak becomes higher. However, the effects of EHN levels off at a percentage higher than 8%.
2 Four definitions of ignition delay are discussed. IDminP is not adequate to depict fuel ignition, because it is insensitive to the different chamber wall temperatures. ID0.2 and ID5% show good consistency. They are both able to capture the differences in ignition delay when changing the EHN percentage or chamber wall temperature.
3 EHN also has an effect on the main combustion. IDHTR performs better to capture the huge differences in start of main combustion, but this comes at the cost of a slightly larger uncertainty compared to the other ID definitions.
4 Two definitions of combustion phasing, CP50% and CPmaxHRR, give nearly identical results. This however may be an artefact of the combination of short injection and long ignition delay. When there is significant mixing-controlled phase this is probably not valid.
5 The applicability of two definitions of end of combustion differs: ECHTR depicts the end of high-temperature reaction and shows the similar trend with combustion phasing; however, EC90% has a larger uncertainty and can only be determined at higher chamber wall temperature, owing to the relatively low chemical reactivity of the tested fuels.
6 Three definitions of burn duration are discussed. Similar to EC90%, BD5-90 cannot be determined when the MFB does not exceed 90%. BDLTR and BDHTR are used to depict the burn durations of low-, and high-temperature reactions, respectively. They provide quantitative information for the tested fuels which has an obvious two-stage ignition phenomenon.
7 Higher FPBO content shows little effect on the low-temperature reaction phase, while it delays the HRR peak of the high-temperature reaction phase. This is since generally, the chemical reactivity of FPBO is lower than that of n-butanol. The heavier components in FPBO are difficult to evaporate and burn, leading to the reduced fuel conversion rate and the further delayed EC90%. At high chamber wall temperatures, the increase of FPBO proportions has a less pronounced influence on the BDLTR, while it prolongs the BDHTR. At lower temperatures, higher FPBO proportions worsen the ignitability of the mixture, delaying the IDHTR and prolonging the BDLTR.
8 Chamber wall temperature has a significant influence on the ignition and combustion processes of FPBO/n-butanol blends with 5% EHN. A negative temperature coefficient phenomenon was observed in a chamber wall temperature range of 535–565°C.
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