

  energies-14-05473




energies-14-05473







Energies 2021, 14(17), 5473; doi:10.3390/en14175473




Article



Kinetic Modeling Study on the Combustion Characterization of Synthetic C3 and C4 Alcohols for Lean Premixed Prevaporized Combustion



Solmaz Nadiri 1,2,*[image: Orcid], Paul Zimmermann 2,3, Laxmi Sane 1,2, Ravi Fernandes 1,2, Friedrich Dinkelacker 2,3[image: Orcid] and Bo Shu 1,2[image: Orcid]





1



Department of Physical Chemistry, Physikalisch-Technische Bundesanstalt 100, 38116 Braunschweig, Germany






2



Cluster of Excellence SE2A—Sustainable and Energy-Efficient Aviation, Technische Universität Braunschweig, 38106 Braunschweig, Germany






3



Institute of Technical Combustion, Leibniz University Hannover, An der Universität 1, 30823 Garbsen, Germany









*



Correspondence: Solmaz.nadiri@ptb.de







Academic Editors: Matteo Pelucchi and Liming Cai



Received: 23 July 2021 / Accepted: 30 August 2021 / Published: 2 September 2021



Abstract

:

To reach sustainable aviation, one approach is to use electro-fuels (e-fuels) within the gas turbine engines. E-fuels are CO2-neutral synthetic fuels which are produced employing electrical energy generated from renewable resources, where the carbon is taken out of the atmosphere or from biomass. Our approach is, to find e-fuels, which can be utilized in the lean premixed prevaporized (LPP) combustion, where most of the non-CO2 emissions are prevented. One of the suitable e-fuel classes is alcohols with a low number of carbons. In this work, the autoignition properties of propanol isomers and butanol isomers as e-fuels were investigated in a high-pressure shock tube (HPST) at temperatures from 1200 to 1500 K, the pressure of 10 bar, and lean fuel-air conditions. Additional investigations on the low-temperature oxidation and flame speed of C3 and C4 alcohols from the literature were employed to develop a comprehensive mechanism for the prediction of ignition delay time (IDT) and laminar burning velocity (LBV) of the above-mentioned fuels. A numerical model based on newly developed chemical kinetics was applied to further study the IDT and LBV of fuels in comparison to the Jet-A surrogate at the engine-related conditions along with the emissions prediction of the model at lean fuel-air conditions.
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1. Introduction


As the air traffic has increased over the last decades it has led to the rise of carbon dioxide (CO2) emissions. Aviation contributes to about 3.2% of the global anthropogenic CO2 emissions which tends to increase [1,2]. The European Commission has implied strict regulations to mitigate the CO2 emission from aviation and has adopted proposals to reduce net greenhouse gas emissions by at least 55% by 2030 [3].



Hence, future aviation concepts should be designed to reduce CO2 emissions. However, for this transition to succeed, significant issues related to renewable energy must be addressed. This has stimulated active research with an increase in interest towards a renewable form of energy in the last decade. One promising strategy which reduces emissions such as CO2, NOx, and enhances sustainable aviation, is the introduction of Electro-fuels (e-fuels) which are carbon-neutral synthetic fuels. E-Fuels are produced by converting electrical energy into chemical bonds applying the Power-to-“X” (PtX) technology, in which the electrical power is generated from a renewable power source in form of wind or solar energy and the X components are chemical energy carriers in the form of liquid or gas [4]. PtX technology can be used to produce value-added fuels from CO2 using various electrification and hydrogenation methods [5,6].



As an alternative to fossil jet fuels, the Power-to-Liquid (PtL) technology could be used to produce synthetic kerosene [7]. This approach leads to a “drop-in” fuel, which has the advantage to be operable within the existing airplane fleet with only slight modifications. Additionally, a stepwise transition to such CO2-neutral fuel application is possible, as this fuel can be mixed into the existing fossil kerosene.



However, also non-CO2 emissions like nitrogen oxides and particles have a significant impact on the greenhouse gas effect and the environment. According to recent studies on the environmental impact of emissions within the higher atmosphere, the non-CO2 emissions from nitrogen oxides and particles in conjunction with the emitted water molecules and its influence on contrail formation in typical flight levels is seen to be about twice the influence on that of the CO2 emission by itself [8,9]. Here only the radiative forcing influence on the greenhouse gas effect is regarded. Additionally, other influences of these emissions might be of importance, for instance on the ozone layer depletion in the higher atmosphere. With that, it can be concluded that the replacement of fossil kerosene with synthetically produced E-kerosene leads to a strong reduction of the CO2 emission by itself, but only to a weak reduction of around 30 percent or less to the overall greenhouse gas effect.



Our approach is instead to find other e-fuels, which can be utilized in the lean premixed prevaporized (LPP) burning approach, where all particle emission and most of the nitrogen oxide emission is prevented [10]. This lower NOx emission is due to the lower flame temperature at lean fuel-air condition. The LPP combustion approach has been proposed in the past by several researchers. However, it has been investigated with the use of conventional, fossil fuels, such as Jet A1 and kerosene, primarily consisting of long-chained hydrocarbons and cyclo-alkanes [11,12]. These lead to pre-ignition and flashback due to their high reactivity, causing major issues in terms of flame stability and therefore safety. Instead, we search for suitable e-fuel classes, where the self-ignition tendency and the danger of flashbacks are strongly reduced [10].



Compared to other candidates, alcohols such as propanol and butanol have more potential which could be used to replace conventional fuels [2,13] such as jet-fuels (kerosene) or as additives for gasoline and diesel [14,15,16]. Propanol and butanol have an isomeric structure such as n-propanol (CH3CH2CH2OH), iso-propanol (CH3CH(OH)CH3), n-butanol (CH3CH2CH2CH2OH), sec-butanol (CH3CH(OH)CH2CH3), iso-butanol ((CH3)2CHCH2OH) and tert-butanol ((CH3)3COH), respectively. In addition, they have quite attractive physical–chemical properties such as a high energy density of about 24 MJ/L and 27.76 MJ/L, respectively. The higher oxygen content of these fuels can reduce soot formation promoting cleaner combustion [13]. Moreover, propanol and butanol isomers have higher polarity, octane rating and low vapor pressure as compared to methanol and ethanol which reduces emissions due to evaporation and the possible chance of an explosion [17]. Taking into account the thermodynamic properties such as latent heat of vaporization, there is a reduction in the overall combustion temperature hence leading to a reduction in NOx emissions [18]. Therefore, propanol and butanol isomers are targeted fuels in this study.



From this point of view, the LPP combustion [19,20,21] is the most straightforward way to achieve lean conditions by premixing the fuel and air, which meets the needs of clean power generation and lowering of emissions such as soot, CO2, and NOx [22]. The LPP combustion has always provided the promise of obtaining low pollutant emissions while burning liquid fuels. In this approach, a lean condition is considered where there is a higher volume of air and a lower volume of fuel in the mix. The engines designed for lean-burning can employ higher compression ratios and thus provide a better performance, efficient fuel use and low exhaust hydrocarbon emissions than those found in conventional gasoline engines [19]. Hence it is our approach that LPP combustion with e-fuels can ensure sustainable aviation with much lower environmental impact than the replacement approach of fossil kerosene with synthetically produced e-kerosine.



To understand the potential of the fuels, the key properties of their combustion such as ignition delay time (IDT) and laminar burning velocity (LBV) must be characterized. The IDT is a measure of how spontaneously ignition occurs. IDT is an important parameter for the validation of a chemical kinetic mechanism. Moreover, the LBV is a key parameter for the assessment of the fuel’s tendency for flashbacks, as recently shown by Goldmann et al. [23].



The combustion properties of propanol isomers were mainly investigated in shock tubes (ST) and rapid compression machine (RCM) to study the chemical kinetics of fuels. Johnson et al. [24] measured IDTs of dilute mixtures of propanol isomers in a shock tube between 1350 and 2000 K and pressure of 1 atm, and it was found that n-propanol has higher reactivity than iso-propanol, which was well captured by their mechanism. It was observed from the model validation that the pathway for iso-propanol breakdown leads to a higher level through the dehydration reaction, lowering the chain-branching reaction and hence, increasing the ignition delay time (IDT) in comparison to n-propanol. Johnson et al. [24] proposed the primary chemical kinetic mechanism of propanol isomers on the basis of the C3-chemistry from Bourque et al. [25].



Man et al. [26] performed the IDT study of n- and iso-propanol in an ST, under experimental conditions of 1100 and 1500 K, at pressures from 1.2 to 16.0 atm. It was observed that an increase in pressure, fuel concentration, and decreasing the equivalence ratio resulted in a decrease of IDTs. A detailed chemical kinetic mechanism was developed containing 238 species and 1448 reactions. The developed mechanism showed fairly good agreement with the experimentally determined IDTs. Moreover, additional validation of the developed kinetic mechanism was performed using LBV data, which also showed a reasonable agreement at the studied conditions. This mechanism was modified by Johnson et al. [24] on the basis of the analysis of Sarathy et al. [27] and Frassoldati et al. [28] to improve the prediction for the high-temperature IDTs. It was seen that the consumption of propanol is dominated by H- abstraction reactions resulting in the formation of products such as ethanol, ethene, propene, and acetone from respective isomers.



Frassoldati et al. [28] carried out an experimental study and modeling study of n-propanol on the counterflow non-premixed flames, burner-stabilized premixed flames and in shock tubes, for temperature between 900 and 2000 K. Gong et al. [29] performed a comparative study of n-propanol, propanal, acetone and propane in LBV. It was reported that n-propanol and propane possess similar LBV and the resulting OH and H radical concentrations.



Butanol combustion has been extensively studied compared to propanol as reported in the literature. Weber et al. [30] determined the IDTs in RCM at low temperature between 715 and 910 K and at high pressures of 15 and 30 bar and found that n-butanol followed by sec-butanol had low ignition delay times as compared to other isomers. Karwat et al. [31] conducted an experimental study on n-butanol using RCM in the temperature range of 920–1040 K and pressure of 2.86–3.35 bar, it observed that the IDTs showed no negative temperature coefficient (NTC) region hence were quite linear with Arrhenius scale. Heufer et al. [32] reported high-pressure IDT results for n-butanol/air mixtures behind the reflected shock at T: 770–1250 K, ϕ = 1 and pressure range of 10–42 bar. The results showed an interesting non-Arrhenius behavior at temperatures lower than 1000 K for the pressure range studied.



Moss et al. [17] conducted an experimental and kinetisc study for four isomers in the shock tube at T: 1200–1800 K and pressure: 1–4 bar. According to the model, they found that there were three main pathways for the consumption of butanol, namely dehydration, uni-molecular decomposition, and H-atom abstraction. They found that n-butanol was the most reactive followed by sec-butanol amongst the other isomers that were consumed primarily via dehydration. Stranic et al. [33] performed measurements in shock tube in the temperature range of 1050–1600 K and pressure of 1.5–43 bar for all four butanol isomers and a pre-ignition pressure rise in the n-butanol ignition below 1000 K was observed, which caused the non-Arrhenius behavior. These results were very similar to those reported by Weber et al. [30] and Heufer et al. [32].



There are only a few comparative experimental studies on the LBVs of the isomers of C3- and C4-alcohols. Veloo et al. [34,35] carried out comprehensive LBV measurements for all six isomers of propanol and butanol in the same experimental setup. Within these studies, the counterflow burner method is used at 343 K mixture temperature and atmospheric pressure for the range of equivalence ratio from 0.75 and 0.7, respectively, to 1.5.



Sarathy et al. [27] developed a mechanism to study the oxidation of butanol at both low and high temperatures with reaction rate constants according to rate rules. Recently Saggese et al. [36] developed and reduced the proposed mechanism by Sarathy and co-workers [27] to predict the oxidation of n- and iso-propanol and butanol. The reaction rate constants of H-atom abstraction by OH, and HO2 in this mechanism were taken from McGillen et al. [37] and Mittal et al. [38], respectively. Among the different chemical kinetic mechanisms proposed in the literature, none of them can predict the IDT and LBV of all propanol and butanol isomers with high accuracy.



In this work, experimental data were measured for propanol and butanol isomers at the pressure of 10 bar and temperature of 1100 to 1500 K behind reflected shock waves covering the entire range of the LPP conditions which has been investigated for the first time. Moreover, a comprehensive universal mechanism was developed for propanol and butanol isomers. The mechanism was validated against HPST, RCM [39,40,41], and LBVs of the isomers of C3- and C4-alcohols by Veloo et al. [34,35]. In addition, numerical simulation on combustion properties such as IDT and LBV of butanol and propanol isomers in comparison to fuels such as Jet-A was performed at the gas turbine conditions to investigate the LPP combustion and determine the amount of soot precursors and NOx emission resulting from propanol and butanol oxidation.




2. Materials and Methods


2.1. Experimental Setup


The ignition delay experiments were performed in a high-pressure shock tube (HPST) at Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany. The HPST is built from stainless steel which has an overall inner diameter of 70 mm and a total length of 8 m. The post-shock condition provided by the HPST is up to 1000 bar and 3000 K. A vacuum pressure of 5 × 10−5 mbar can be achieved in both driver and driven sections of the HPST using a turbo molecular pump (Leybold, Cologne, Germany). The butanol and propanol mixtures were prepared in a 50 L mixing tank, which uses a magnetic stirrer that homogenizes the mixture completely in about 1 h. Argon gas obtained from Linde having the purity greater than 99.999% was used as bath gas in the HPST experiments. Oxygen is used as an oxidizer. The incident shock velocity at the end wall was determined by linear extrapolation of the velocity profile between the four piezoelectric pressure transducers (Kistler 603C) installed at equal distance along the last 2 m of the driven section. The pressure and temperature behind the reflected shock wave (P5 and T5) were calculated using the 1-dimensional shock-wave equations [42]. Furthermore, another pressure sensor is installed at the center of the end flange which allows measuring the pressure behind the reflected shock wave, in turn, allows measuring the IDT. The overall uncertainty in IDT of about 5% was observed from the shock tube experiments which includes the uncertainty in the gas composition, initial state, and shock velocity. Each data point in the shock tube measurements were determined only once as it is nearly impossible to reproduce the formation of an incident shock wave with the same conditions. The six fuels namely n-propanol (Sigma-Aldrich, St. Louis, MO, USA, >99.9%) iso-propanol (Sigma-Aldrich, >99.9%), n-butanol (Sigma-Aldrich, >99.5%), sec-butanol (Sigma-Aldrich, >99.5%), iso-butanol (Sigma-Aldrich, >99%) and tert-butanol (Sigma-Aldrich, >99.5%) were studied under same conditions.



As the experimental time in shock-tube is limited to 2 ms a highly responsive technique such as TDLAS was applied in this study. A quantum cascade CO laser (QCL) working at wavenumber of 2059.91 cm−1 was used as an ignition marker in determining the onset of ignition which was not clearly identified from the pressure rise as seen in Figure 1.



Figure 2 represents the measured ignition delay times (IDTs) of propanol and butanol in the HPST at 1100–1500 K, three equivalence ratios 0.9, 0.5, and 0.25, at 90% dilution and pressure of 10 bar along with the linear fitted lines. In general, all measured IDTs at different conditions decrease monotonically with increasing temperatures and present a clear Arrhenius temperature dependence, which indicates that no NTC effect is observed in the investigated conditions. The IDTs of tert-butanol are apparently longer than the former ones and n-butanol has the shortest IDTs, and tert-butanol shows higher activation energy than other butanol isomers and both propanol isomers at all equivalence ratios, whereas n-butanol has the lowest activation energy compared with other targeted fuels. The order of the reactivity among propanol and butanol isomers is consistent under all investigated conditions, namely, n-butanol > iso-butanol ≅ sec-butanol > n-propanol > iso-propanol > tert-butanol. Moreover, the results of our experiments are in accordance with previous studies by Man et al. [26] and Stranic et al. [33] on IDT of propanol and butanol isomers, respectively.




2.2. Numerical Method


To simulate the ignition delay and the laminar burning velocity of the propanol and butanol isomers, an open-source package from the C++ based CANTERA code [43] was employed in this study. The full details of the functions and the procedures to simulate the IDTs measured in HPST and RCM can be found in our previous work [44], so only a brief explanation and definitions will be given here.



The calculation of IDT obtained in the shock tube was performed employing the numerical simulation of a zero-dimensional homogeneous adiabatic reactor while the IDT is defined as the time between time zero and the time where the simulated temperature reached its maximum increase rate. For the IDT longer than 2 ms, the dp/dt effect of the shock tube must be taken into account, to do so, the measured pressure profile between time zero to ignition onset was converted into a volume profile for the simulation. The volume after ignition onset was considered constant.



To simulate the IDT measured in RCM the 0D homogeneous adiabatic reactor was applied as well, however, the heat loss effect during the RCM measurement must be considered. Therefore, the adiabatic core assumption [45] has been applied and the heat loss has been calculated by converting the pressure profiles of non-reactive mixtures into volume profiles. The simulated IDTs in RCM were defined as the time interval between the end of compression (EOC) and ignition time, where the derivative of the pressure profile in terms of time reaches the local maximum.



Brute force sensitivity analysis on the IDT was performed to ascertain the major elementary reactions at each specific condition. A negative sensitivity coefficient implies that increasing the rate coefficient of a specific reaction, facilitates the ignition event and the positive sensitivity coefficient induces the opposite effect [44].



Laminar flame speeds were taken from the literature and re-calculated to model a free flame, which is one-dimensional, freely propagating, and premixed. The transport model is set to mixture-averaged values, from which follows that Soret effect is disabled. The adaptive grid parameters are set to fixed values with slope = 0.3 and curve = 0.2. The simulated flame is a premixed flame, which is both close to LBV experiments and LPP conditions.





3. Results and Discussions


3.1. Literature Mechanisms Validation


Recently, investigations on the ignition behavior of the propanol and butanol in RCM under the lean fuel-air conditions with equivalence ratios of 0.25, 0.5, and 0.9 with 90% dilution, temperatures between 750 and 980 K, and pressures of 20 and 40 bar, were carried out in our group by Laguna [40] and Wang [39,41]. Wang [39,41] demonstrated that the Saggese2020 mechanism [36] shows the best performance for the prediction of IDTs of propanol isomers under the investigated conditions and the Van Geem mechanism [46] predicts IDTs of iso-butanol at 20 bar very well, while the Sarathy2012 [27] and Saggese2020 mechanisms show better performance at 40 bar. Furthermore, the Sarathy2012 mechanism predicts autoignition of n-butanol, sec-butanol and tert-butanol satisfactorily but shows overprediction for conditions of ϕ = 0.25 and 20 bar.



Likewise, further studies on the predictability of different mechanisms including Sarathy2012 and Saggese2020 for the experiments carried out in this work in the HPST were performed. Figure 3 and Figure 4 depict the comparison between the measured and simulated IDTs of propanol and butanol isomers whereas the simulated ones were based on the best mechanism for each case, respectively.



For the propanol isomers, although the Saggese2020 mechanism underpredicts the reactivity, shows a good fit and captures the experimental trends with the same slope indicating the activation energy. It was not possible to simulate the IDTs of propanol isomers with the Sarathy2012 since it does not contain propanol species. For the butanol isomers, the Sarathy2012 mechanism shows better predictability in comparison to the Saggese2020, unless for the n-butanol that slight underprediction was found based on both mechanisms.




3.2. Mechanism Development


To have a comprehensive chemical reaction mechanism for all the propanol and butanol isomers, the Saggese2020 and Sarathy2012 mechanisms showed the best fit at both low and high temperatures in the prediction of the IDTs of the propanol and butanol isomers, respectively, were merged. The new mechanism was called the C4 mechanism consisting of 686 species and 3593 reactions which can be used for the numerical simulation of alcohols from C1 to C4 and their blends. Since, for most cases, the Sarathy2012 mechanism shows very good prediction with the experiments, for those reactions which are identical in the Saggese2020 and Sarathy2012 mechanisms, the reactions, and the corresponding thermochemical and transport properties from Sarathy2012 were kept unchanged.



The Sarathy2012 mechanism was proposed by Sarathy and co-workers [27] to model the kinetic combustion of butanol isomers and validated against numerous experiments from 1 to 40 atm and low to high temperatures. This mechanism is comprised of 426 species and 2335 reactions.



The Saggese2020 mechanism includes 371 species and 2318 reactions, it is an improved revision of Sarathy2014 mechanism [47] developed by Saggese and co-workers for autoignition of n-propanol, iso-propanol, n-butanol, and iso-butanol, and has been validated against autoignition data from the literature [48]. In this mechanism, the reaction rate constants for H-atom abstraction by OH and HO2, reactions involved in the low-temperature oxidation, and the corresponding thermochemical properties were updated to simulate the autoignition of aforementioned alcohols at the stoichiometric ratio in low and high temperatures combustion.



The evaluation of the C4 mechanism first was carried out by modeling the experiments data at low temperature measured in the RCM in our group by Wang [39,41] and Laguna [40]. The comparison between the measured IDTs and the numerical model prediction based on the first version of C4 mechanism containing 3593 reactions is depicted in the Figure S2 in the Supplementary Material. Although our model’s prediction improved significantly for the IDTs of the propanol isomers, it overpredicted the IDTs for butanol isomers (except n-butanol), especially at ϕ = 0.25 and 0.5, which implies that adding the nonidentical reactions from Saggese2020 to the Sarathy2012 had an unfavorable impact on the predictability of the new mechanism. To address this problem, the sensitivity analysis for each fuel at different temperatures from 800 to 950 K, pressures of 20 and 40 bar and ϕ = 0.25, 0.5, and 0.9 were performed. The next step was to search for the reactions with a positive sensitivity coefficient implying that the reactions which hinder the ignition event for butanol isomers, and with zero or negligible sensitivity coefficient for propanol isomers. Excluding the reactions, those have no impact on the reactivity of propanol but decrease the reactivity of the butanol, improved the performance of the mechanism considerably and the number of reactions in the newly emerged mechanism was reduced to 3402.



Then the further evaluation of the C4 mechanism was made to investigate the performance of the mechanism at high temperature for the experiments performed in the HPST. The model was able to predict the IDTs of fuels precisely for equivalence ratios of 0.5 and 0.9, but considerable discrepancies were observed for the IDT calculations at the equivalence ratio of 0.25. Since the reactions of those that have the highest impact on the IDT calculation are principally different at high temperatures from those at low temperatures, more detailed sensitivity analysis at high temperatures were required. Figure 5 summarizes the 10 most important elementary reactions on the reactivity of each fuel at 10 bar, ϕ = 0.25, and temperatures at which the model showed the highest discrepancies indicated in the figure.



Since the calculated IDTs at high temperature based on the C4 mechanism, as illustrated in the Figure S1 in the Supplementary Material, were shorter than the experiments at ϕ = 0.25, the most sensitive elementary reactions with the negative sensitivity coefficient were noticed. Only four reactions have a high impact on the reactivity of the fuels at high temperatures but no impact at low temperature namely, IC4H9OH <=> CH2OH + IC3H7, IC3H7OH <=> CH3 + SC2H4OH, NC3H7OH (+M) <=> C2H5 + CH2OH (+M), and C4H8CHO4-2 <=> C2H4 + CH3CHCHO were identified. Since these reactions play an important role at temperatures higher than 1200 K and considering the uncertainty of the reaction rate constants corresponding to each reaction, the pre-exponential factor of each reaction rate constant was reduced by 30% to improve the performance of the model in predicting the IDTs at ϕ = 0.25.



Furthermore, among the rest of the crucial elementary reactions, the substitution of the reaction rate constants of two reactions, namely, C2H4 + OH <=> C2H3 + H2O and C3H5-A + HO2 <=> C3H5O + OH improved the performance of the mechanism substantially. It is important to note, that substituting the reaction rate constants of the elementary reactions showing the negative sensitivity coefficients with lower rate constants at high temperatures can enhance the calculated IDT; therefore, its influence at low temperatures must be considered as well.



The reaction rate constants of the C2H4 + OH <=> C2H3 + H2O reported in Sarathy2012 mechanism are acquired from CurranPentane mechanism [49]. Since this reaction plays an important role at low temperature as well as high temperature, the predictability of the mechanism at low temperature must be kept and only at high temperature should be decreased. Figure 6 shows the comparison between the rate coefficients of C2H4 + OH <=> C2H3 + H2O reaction based on two different mechanisms in terms of temperature from 830 to 1795 K. The rate coefficient based on the Master Chemical Mechanism (MCM v3.3.1) [50] is lower than the CurranPentane at high temperatures, while the differences between these two different reaction rate expressions reduce at low temperature. The rate expression of the reaction of ethylene and hydroxyl radicals is obtained by Senosiain et al. [51] employing quantum chemistry calculations.



Since the sensitivity coefficients corresponding to C3H5-A + HO2 <=> C3H5O + OH reaction for the investigated fuels are negligible at a low temperature, modification of the reaction rate does not disturb the predictability of the mechanism at low temperature. The reaction rate adopted in the Sarathy2012 mechanism is reported in a mechanism from Dooley and co-workers [52]. Substitution of the given rate coefficients with one adopted in the CurranPentane mechanism improved the model in the prediction of IDTs at a high temperature significantly. This reaction is provided in the CurranPentane mechanism as a pressure-dependent reaction, while five different rate expressions were specified at five specific pressures from 0.01 to 100 atm. Figure 7 shows the comparison between the rate coefficients of C3H5-A + HO2 <=> C3H5O + OH reaction based on two different mechanisms in terms of temperature from 830 to 1795 K at 10 bar. As discussed before, the lower rate coefficient of this reaction from the CurranPentane mechanism does not have an influence on the predictability of the mechanism at low temperature.



Finally, the newly developed C4 mechanism comprised of 595 species and 3398 reactions was achieved. To improve the ability of the model to simulate the NOx emissions producing from the autoignition of alcohols at lean condition, the hydrocarbon-nitrogen, nitro and nitroso hydrocarbon, and amino hydrocarbon sub-mechanism and the corresponding thermodynamic properties from the nitrogen mechanism proposed by Glarborg and co-workers [53] were added to the mechanism that led to a new comprehensive mechanism consisting of 684 species and 3898 reactions.




3.3. The New Mechanism Validation


The newly developed C4 mechanism was validated first against the IDTs measured in the HPST (this work) and RCM (previous works in our group). Figure 8 and Figure 9 depict the comparison between simulations and experimental results measured in HPST at 10 bar, ϕ = 0.25, 0.5, and 0.9 for propanol and butanol isomers, respectively. The C4 mechanism predicts the experimental trends precisely for each fuel at all the equivalence ratios, even at a very lean condition with a very small amount of fuel.



Figure 10 and Figure 11 represent the IDTs from simulation and experiments in RCM at 20 and 40 bar, ϕ = 0.25, 0.5, and 0.9 for propanol and butanol isomers, respectively. Further validation of the C4 mechanism for the low-temperature combustion, proved that this C4 mechanism can predict the IDTs acceptably at both 20 and 40 bar with a small discrepancy for the sec-butanol and tert-butanol. Nevertheless, the prediction of the IDTs of sec-butanol and tert-butanol by this C4 mechanism was closer to the experiments compared to the Sarathy2012 mechanism reported by Wang [39,41] and Laguna [40].



Beside ignition delay, laminar burning velocity (LBV) is another key combustion property. To validate the C4 mechanism for the use in simulations of laminar burning velocity, experimental data of laminar burning velocity were taken from Veloo et al. [34] for C4-alcohols, and Veloo et al. [35] for C3-alcohols. These data and the simulation results from Sarathy2014 [47], Saggese2020 [36] and the newly developed C4 mechanism are compared in Figure 12.



It can be seen, that for n-propanol all mechanisms show higher reactivity than the experimental result. In lean mixtures, Sarathy2014 and the C4 mechanism show similar and good results with a discrepancy within 10%. For rich mixtures with ϕ ≥ 1.2, this difference increases significantly. Saggese2020 predicts the highest LBVs compared to the other mechanisms.



Sarathy2014 and the newly developed C4 mechanism are in very good approximation for iso-propanol mixtures with 0.8 < ϕ ≤ 1.2 with a deviation of less than 5.6% (Sarathy2014), and 7.7% (this work), respectively. Both Sarathy2014 and the new C4 mechanism show a slightly lower reactivity than the experimental results predict for conditions with ϕ ≤ 0.8. Saggese2020 overpredicts the reactivity of iso-propanol. For mixtures with ϕ > 1, the overprediction is more than 10%.



The developed C4 mechanism has very good predictability for all butanol isomers in the range of 0.8 ≤ ϕ ≤ 1.2 with less than 10% deviation from the experimental results (except for iso-butanol at ϕ = 0.9). For sec-butanol and iso-butanol the reactivity is underestimated by 5–10% around stoichiometric mixtures. Compared to Saggese2020 and Sarathy2014 the predictions of the newly developed C4 mechanism for tert-butanol are superior.



For all six considered fuels, the newly developed C4 mechanism gives good predictions on the laminar burning velocity, especially for the lean cases, which are predominant for further investigations in this study.




3.4. Modeling LPP for Aviation


3.4.1. Ignition Delay Time and Laminar Burning Velocity Prediction of the Model


To evaluate the suitability of C3- and C4-alcohols as fuels for LPP combustion, their ignition delay time (IDT) and laminar burning velocity (LBV) are simulated with the C4 mechanism at engine-relevant conditions in comparison to the conventional commercial jet fuel Jet-A as a kerosene-type fuel. In addition, the species concentration of CO, soot precursors, such as C2H2 and C4H2, and NOx emissions are shown.



The temperature in the mixing section prior to the LPP combustion chamber is calculated from a compressor with an overall pressure ratio   O P R = 36  , a compressor efficiency    η  c o m p   = 0.9   and the ratio of heat capacities   κ = 1.4  . The outside, non-compressed temperature is defined as follow [54] at    T 0  = 288.15    K    and    p 0  = 1    atm   .


   T  c o m p , o u t l e t   =  T 0   ∗    ( 1 +  (  O P  R   (  κ − 1  )  / κ   − 1  )  /  η  c o m p           



(1)







The conditions for combustion are accordingly defined as    T  c o m p , o u t l e t     =   860    K    and    p  c o m p , o u t l e t   = 36    atm   .



Figure 13 represents the model prediction for IDT and LBV of the non-diluted propanol and butanol isomer, and the Jet-A surrogate mixtures with air at 860 K, 36 atm and equivalence ratios of 0.25, 0.75, and 1.2. Each fuel shows greater reactivity at a higher equivalence ratio owing to the presence of more fuel in the mixture. The numerical simulation predicts the higher reactivity of n-butanol at both lean and rich fuel-air conditions in comparison to other species while the experimental results obtained in HPST and those from RCM [39,40,41] confirm this finding undoubtedly.



To compare each alcohol separately, the reactivity of the n-propanol is higher than the iso-propanol because of different decomposition mechanisms. Frassoldati and co-workers [28] demonstrated that the radical pathways forming a significant amount of propanal is the reason for the higher reactivity of n-propanol.



In addition, n-butanol is the most reactive of the four butanol isomers. These isomers follow different chemical reaction pathways including molecular decomposition, initiation reactions to form alkyl radicals, and chain propagation reactions that cause different reactivity. On the other hand, there is a notable difference between the reactivity of four-carbon chain isomers, i.e., n-butanol and sec-butanol, while the reactivity of sec-, iso- and tert-butanol are equivalent.



The so-called Aachen surrogate composed of 80% n-decane and 20% 1,2,4-trimethylbenzene by weight, were defined in our numerical studies to investigate the IDT and LBV of Jet-A based on the mechanism proposed by their group. Honnet et al. [55] proved that the Aachen surrogate accurately reproduces the ignition properties of kerosene. The Jet-A model did not reach a steady-state solution for equivalence ratios of ϕ ≤ 0.5. The model predicts the significantly highest LBVs and lowest IDTs for Jet-A. This underlines the problems of Jet-A as an LPP fuel as it has a high flashback tendency, which seems to be uncontrollable.



N-propanol and n-butanol show faster flame speeds compared to the other C3 and C4 alcohols, which was to be expected due to their long-chain nature. Tert-butanol has the lowest LBV, followed by iso-propanol, which is desirable for LPP combustion due to the lower flashback tendency. The overall order of flame speeds is reasonably showing the same trend as the reactivity shown by IDTs in Figure 13. As the adiabatic flame temperatures of the seven fuels have only minor differences of 2.5% and less, the difference in LBV is suggested to be predominantly caused by kinetics.




3.4.2. Emission Prediction of the Model


Although the e-fuels are carbon neutral, the emissions of CO, NOx and particular matters have a strong impact on the environment. To analyze the impact of e-fuels on the environment by calculating their emissions contribution, the numerical simulation based on the C4 mechanism at the engine condition for two lean mixtures, i.e., ϕ = 0.25 and 0.75 were implemented and compared with the same condition at ϕ = 1.2. Figure 14 compares the final mole fraction of CO and NOx emissions at different equivalence ratios and the engine-related conditions for all fuels calculated by the chemical kinetic model during the ignition process. The model predicts that the final mole fractions of CO and NOx emissions after ignition are the highest at ϕ = 1.2 compared to the lean conditions. These values at ϕ = 0.75 are nearly close to those of at ϕ = 1.2, whereas the emissions at ϕ = 1.2 are of the order of 10 higher than the emissions at ϕ = 0.75. Additionally, the emissions at ϕ = 0.75 and 1.2 are almost 6 orders of magnitude higher than those at ϕ = 0.25 for NO, NO2, and CO.



Further gas-phase kinetics modeling was performed to compare the formation of soot of targeted fuels at different ϕ for the engine-related conditions. In this respect, the kinetic modeling of the formation of acetylene (C2H2) and diacetylene (C4H2) was taken into account as the soot precursors [56,57]. Figure 15 compares the maximum mole fraction of soot precursors, including C2H2 and C4H2 at different equivalence ratios and the engine-related conditions for all fuels calculated by the chemical kinetic model during the ignition process, illustrating the highest emissions at the fuel-rich condition and the lowest emission at ultra-lean condition.



The production and emission of NO, NO2, N2O, and CO in terms of the length of a free flame can be seen in Figure 16. It is notable, that the flame fronts and main zone of reaction of each of the alcohols are in a similar position at Z = 0.01 m. While at ϕ = 0.75 and ϕ = 1.2 the pollutant formation occurs over a short distance and thus in a short time, at ϕ = 0.25 the mole fractions of the pollutants under consideration stabilize after this point.



The model predictions of the leanest case at ϕ = 0.25 indicate the least CO emissions, as most of the CO can be further oxidized to CO2 in the zone behind the flame front. The CO mole fraction in the flame of n-butanol is being oxidated after Z = 0.03 m and reaches a concentration below the emissions of ϕ = 0.75. As expected, the mole fraction of CO emission increases with an increase of equivalence ratio to around 4 to 7 mol% at ϕ = 0.75, and 9 to 11 mol% at ϕ = 1.2, respectively.



Due to the high excess air at ϕ = 0.25, the adiabatic flame temperature is below 1500 K, which leads to low a production of NO (mole fraction 4 × 10−12 to 1.7 × 10−11) and NO2 (1 × 10−17 to 3.3 × 10−16) for all the C3 and C4 alcohols. The NO emissions are about one order of magnitude higher at ϕ = 1.2 compared to ϕ = 0.75, suggesting that the by 8 to 9% higher adiabatic flame temperature in the rich mixture is the predominant reason for NO formation.



Comparing the fuels, it is noticeable, that the n-alcohols tend to have lower NO and NO2 emissions, whereas tert-butanol, iso-propanol and iso-butanol show a higher production of nitrogen oxides. The N2O emissions of the considered fuels at ϕ = 0.75 are nearly one order of magnitude higher compared to the rich and the ultra-lean fuel/air mixtures.



The peak mole fractions of acetylene (C2H2) and diacetylene (C4H2) in free flames at ultra-lean (ϕ = 0.25), lean (ϕ = 0.75) and rich (ϕ = 1.2) conditions are shown in Figure 17. Both acetylene and diacetylene production is more than halved for all the considered alcohols when increasing the air ratio from rich to lean case. Iso-butanol and tert-butanol tend to have the highest production of soot precursors. The production of soot precursors at ultra-lean conditions is very low for all fuels with 3 × 10−7 to 2.7 × 10−8 diacetylene, and 1.4 × 10−4 to 1.6 × 10−5 acetylene respectively. For both species, acetylene and diacetylene, the model predicts the highest production for the combustion of n-butanol. C3-isomers show a lower sooting tendency overall, due to the lower carbon content.



Contrary to expectations, the kinetics modeling of ignition and free flame showed that the final mole fraction of N2O is the highest at ϕ = 0.75 compared to those of at ϕ = 0.25 and 1.2, whereas the model predicted a lower amount of N2O at ϕ = 0.25. This inconsistency may be due to the different rates of the dominant reactions at each equivalence ratio. For this reason, the N2O net rate of production (ROP) in the autoignition of tert-butanol, as an example, from time zero to the end of ignition were analyzed employing the chemical kinetic model (Figure 18).



N2O is present in 10 elementary reactions as a product or reactant in the C4 mechanism, whereas the decomposition of N2O to N2 and O in presence of third bodies, the red line in Figure 18, shows the highest rate. The negative ROP of this reaction increasing with time implies an increase in N2O as the product of the backward reaction that reaches a maximum at a specific time for each ϕ, while this maximum is the highest at ϕ = 0.75 and lowest at ϕ = 0.25. What stands in this figure for ϕ = 0.25 is the changing the direction of the reaction after the continual decrease of ROP following the maximum point that leads to the decomposition of some N2O, even though the lowest amount of N2O is produced at ϕ = 0.25. Moreover, the reaction rate for the consumption of N2O in presence of CO is substantial at ϕ = 0.25, whereas it is negligible at ϕ = 0.75 and 1.2. The second important reaction dominating the N2O production/consumption, particularly for ϕ = 0.75 and 1.2, is the reaction of N2O with hydroxyl radical that produces water and nitrogen. Additionally, for this reaction, the rate of the reverse reaction is higher than the forward reaction, resulting in a negative overall rate.



As a whole, the net reaction rate for the N2O production/consumption shows that at ϕ = 0.75, the highest amount of N2O produced with the maximum overall production rate of 0.0045 mole/(cm3 s), while this value is less than 0.004 for ϕ = 1.2.



Despite the absolute concentration of both C2H2 and C4H2 radicals are low at lean conditions, it is worth observing the reaction pathway for their consumption and production. Figure 19 presents the main reaction pathways for the formation of C2H2 and C4H2 in the oxidation of tert-butanol process at the engine-related condition and ϕ = 0.75 with the C4 mechanism. The thickness of the arrows implies the rates of the specific pathway, considering the thicker the arrow, the higher the rate of reaction.



From the beginning, the tert-butanol first splits to CH3 and tert-C3H6OH radicals and later tert-C3H6OH radical takes a leading role in the oxidation process. The formation of CH3 and then C2H6 from tert-butanol subsequently lead to the formation of C2H2 and C4H2 radicals. The rate of production of C2H2 is three orders of magnitude higher than the consumption of C2H2 which along with the C2H radical gives rise to C4H2 formation. This higher production rate of C2H2 than the consumption rate denotes the higher amount of C2H2 compared to C4H2 at the end of the ignition process of all fuels. Further detailed investigation of production and consumption of C2H2 and C4H2 radicals are given as follows.



Among 67 reactions that consume or produce acetylene available in our developed C4 mechanism, the ROP of 7 elementary reactions which are of greater importance is summarized in Figure 20. The reaction of C2H2 in presence of O radical plays an important role in the consumption of C2H2 for all ϕ. On the contrary, the decomposition of C2H3 in the presence of third bodies and decomposition of C3H5-S is crucial in the production of C2H2. At lean conditions, the rate of reactions producing C2H2 approximately offset by those of consumption reactions gives rise to a small amount of C2H2 be produced.



In our newly developed C4 mechanism, diacetylene participates in eight elementary reactions taken from the Sarathy2012 mechanism (Figure 21). The numerical modeling for the C4H2 ROP proved that reaction of diacetylene and hydroxyl radical is of greater significance at ϕ = 0.25, while this reaction is the third significant reaction at ϕ = 0.75 and 1.2. On the other hand, the production of C4H2 through the reaction between C2H2 and C2H, and the decomposition of C4H3-N are more crucial at ϕ = 0.75 and 1.2, whereas the rate of these two reactions is in the same magnitude at ϕ = 0.25 and 1.2. The reaction between C4H3-I and H plays a considerable role at ϕ = 0.75 and 1.2 with a higher rate at ϕ = 1.2, while the rate of this reaction is negligible at ϕ = 0.25.






4. Conclusions


To reach sustainable and clean future aviation, the approach is followed to replace the fossil fuel within the gas turbine engines not only by synthetically produced e-fuel (e-kerosine), as shown here, the non-CO2 emissions remain to be very high. Instead, alternative advanced e-fuels are investigated, which will possibly allow the application of the very clean lean prevaporized premixed (LPP) burning concept in future aviation engines. This requires finding advanced e-fuels with a very low tendency to early preignition during the mixing process with the heated air. For that, potential other e-fuels are investigated with long ignition delay time (IDT).



As seen from the literature review, the study concerning the combustion properties of propanol and butanol isomers at diluted fuel-lean, high-temperature, and pressure conditions is very limited. In this work, the autoignition properties of propanol isomers and butanol isomers were investigated in an HPST at temperatures of 1200–1500 K, the pressure of 10 bar, equivalence ratio of 0.9, 0.5, and 0.25, and 90% dilution. According to the experimental results, no negative temperature coefficient phenomenon was observed in the investigated temperature range. The ignition delay time of all the fuels had the same negative dependence on temperature and equivalence ratio, namely, as either of the two-parameter decreases, the ignition delay time increases. The order of the reactivity among propanol and butanol isomers is consistent under all investigated conditions, namely, n-butanol > iso-butanol ≅ sec-butanol > n-propanol > iso-propanol > tert-butanol.



The laminar burning velocities (LBVs) in free flame model predictions showed a similar order as observed before except for n-propanol, which has faster flame speeds than iso-butanol and sec-butanol. Due to limited comprehensive studies including all isomers of propanol and butanol, only one set of data (343 K, 1 atm, and equivalence ratio between 0.7 and 1.5) was used for the mechanism validation in terms of LBV.



Since the available chemical kinetic mechanism can predict IDTs and LBVs of propanol or butanol individually but show inadequate performance in the prediction of IDTs and LBVs of all propanol and butanol isomers, a modification to the Sarathy2012 mechanism in combination with the Saggese2020 mechanism has been done. The modification was validated based on the experimental data analyzed in this work in HPST, the previous investigation carried out in our group on the combustion of the targeted fuels at an intermediate temperature in RCM [39,40,41] and LBVs of the isomers of C3- and C4-alcohols by Veloo et al. [34,35]. The newly developed comprehensive mechanism, called the C4 mechanism, was employed for further numerical simulation.



The LPP conditions were estimated from the compressor equation and an overall pressure ratio of 36. As a result, in the takeoff phase of the aircraft the temperature is 860 K and the pressure is 36 atm in the mixing zone, where the liquid fuel is injected into the compressed air, prevaporizes and premixes.



The IDT is used as a guide to approximate the available time for prevaporizing and premixing with no auto-ignition. The results show that Jet-A has the highest reactivity with IDTs < 1 ms and therefore is least feasible for safe LPP combustion chambers, as it is most likely to auto-ignite and damage the engine. The IDTs of the objected alcohols increase by less than one order of magnitude by changing the equivalence ratio from 1.2 to 0.25. The order of reactivity remains consistently at LPP conditions, so that tert-butanol and iso-propanol show the highest IDT, thus the lowest autoignition tendency.



Laminar burning velocities at LPP conditions give an approximation of the flashback tendency. The LBV predicted for Jet-A is more than one order of magnitude higher than the ones from the C3 and C4 alcohols. At lean conditions, the propanol and butanol isomers’ LBV may be assumed to be lower than the flow velocity and therefore returns a low risk for the flashback.



From the emission point of view, it can be outlined that lean and ultra-lean conditions prevent soot emissions very well. The impact of lean conditions regarding NOx emissions is significantly for ultra-lean equivalence ratios as 0.25, but only marginal at ϕ = 0.75.



Although the C4 mechanism can be used to carry out complex calculations including alcohol blends, the limitation of this mechanism is the production of soot cannot be simulated and only the soot precursors were analyzed in this study. Moreover, the large-scale kinetics mechanism causes high CPU usage resulting in high simulation time, therefore the reduction of this mechanism can speed up the simulation considerably, which needs further investigation on the oxidation of the targeted fuels for the validation of the reduced mechanism.
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Figure 1. Typical pressure profile, pressure derivative (dp/dt) and CO absorption signal from a HPST experiment for tert-butanol. 
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Figure 2. Ignition delay times (IDTs) of propanol and butanol isomers measured in this work in HPST at 10 bar, and (A) ϕ = 0.25, (B) 0.5 and (C) 0.9. 
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Figure 3. IDTs of (A) n-propanol, and (B) iso-propanol measured in the HPST at 10 bar and ϕ = 0.25, 0.5, and 0.9. 
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Figure 4. IDTs of (A) n-butanol, (B) sec-butanol, (C) iso-butanol, and (D) tert-butanol measured in the HPST at 10 bar and ϕ = 0.25, 0.5, and 0.9. 
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Figure 5. Sensitivity coefficients of the IDT at 10 bar and ϕ = 0.25 based on the C4 mechanism with 3402 reactions for (a) n-propanol at 1250 K, (b) iso-propanol at 1400 K, (c) n-butanol at 1350 K, (d) sec-butanol at 1300 K, (e) iso-butanol at 1300 K, (f) tert-butanol at 1250 K. 
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Figure 6. Rate coefficient of C2H4 + OH <=> C2H3 + H2O reaction based on the CurranPentane and MCM v3.3.1 mechanisms. 
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Figure 7. Rate coefficient of C3H5-A + HO2 <=> C3H5O + OH reaction based on the CurranPentane and Dooley mechanisms at 10 bar. 
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Figure 8. IDTs of (A) n-propanol, and (B) iso-propanol measured in the HPST at 10 bar and ϕ = 0.25, 0.5 and 0.9. (Symbols: experimental points; Lines: model predictions). 
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Figure 9. IDTs of (A) n-butanol, (B) sec-butanol, (C) iso-butanol, and (D) tert-butanol measured in the HPST at 10 bar and ϕ = 0.25, 0.5, and 0.9. (Symbols: experimental points; Lines: model predictions). 
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[image: Energies 14 05473 g009a][image: Energies 14 05473 g009b]







[image: Energies 14 05473 g010 550] 





Figure 10. IDTs of (A) n-propanol and (B) iso-propanol measured in the RCM [39,40,41] at 20 and 40 bar and ϕ = 0.25, 0.5, and 0.9. (Symbols: experimental points; Lines: model predictions). 
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Figure 11. IDTs of (A) n-butanol, (B) sec-butanol, (C) iso-butanol, and (D) tert-butanol measured in the RCM [39,40,41] at 20 and 40 bar and ϕ = 0.25, 0.5 and 0.9. (Symbols: experimental points; Lines: model predictions). 
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Figure 12. Laminar burning velocity of (A) n-propanol, (B) iso-propsanol, (C) n-butanol, (D) sec-butanol, (E) iso-butanol, and (F) tert-butanol at 343 K in air at P = 1 bar. Symbols represent experimental data from Veloo et al. [34]. 
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Figure 13. Model prediction for (A) IDT and (B) LBV of the propanol and butanol isomers, and the Jet-A surrogate at 860 K, 36 atm and equivalence ratios of 0.25, 0.75, and 1.2. 
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Figure 14. Model prediction for the final mole fraction of (a) CO, (b) NO, (c) NO2, and (d) N2O emissions from the oxidation of propanol and butanol isomers during the ignition process at 860 K and 36 atm for the unburned fuel/air-mixture. 
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Figure 15. Model prediction for the peak value of (a) C2H2, and (b) C4H2 mole fraction from the oxidation of propanol and butanol isomers during the ignition process at 860 K and 36 atm for the unburned fuel/air-mixture. 
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Figure 16. Model prediction for the mole fraction of (a) CO, (b) NO, (c) NO2, and (d) N2O emissions as a function of flame length in a free flame at 860 K and 36 atm for the unburned fuel/air-mixture. 
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Figure 17. Model prediction for the peak value of (a) C2H2, and (b) C4H2 mole fraction a free flame at 860 K and 36 atm for the unburned fuel/air-mixture. 
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Figure 18. ROP analysis of N2O for the oxidation of tert-butanol at (a) ϕ = 0.25, (b) ϕ = 0.75 and (c) ϕ = 1.2. 
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Figure 19. Reaction path diagram for tert-butanol oxidation at 860 K, 36 atm and ϕ = 0.75 with the C4 mechanism. 
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Figure 20. ROP analysis of C2H2 for the oxidation of tert-butanol at (a) ϕ = 0.25, (b) ϕ = 0.75 and (c) ϕ = 1.2. 
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Figure 21. ROP analysis of C4H2 for the oxidation of tert-butanol at (a) ϕ = 0.25, (b) ϕ = 0.75 and (c) ϕ = 1.2. 
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