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Abstract

:

Methanol and ethanol are among the most important biofuels and raw materials used to produce biorenewable fuels. These fuels are used with varying water contents. Nevertheless, the exact impact of the water content of these fuels on the energy potential and combustion characteristics is still unknown. Besides that, there are two noticeable risks (environmental impact of combustion and fire risk) associated with their production, processing, and utilization. Likewise, impact of the water content of these fuels on fire risk and the impact of their combustion on the environment is also unknown. The best indicator of energy potential is the effective heat of combustion, and the best combustion characteristic and indicator of the impact of the combustion of alcohols on the environment is the carbon monoxide (CO) yield, whereas the fire risk of liquid fuels is quantified by the flash point and maximum heat release rate (mHRR). The dependency of flash point on the water content was determined via the Pensky-Martens apparatus and the dependencies of the effective heat of combustion, CO yield, and mHRR on the water content were determined via the cone calorimeter. With increased water content, the flash points of both methanol and ethanol exponentially increased and the both effective heat of combustion and mHRR almost linearly decreased. In the range of water content from 0 to 60%, the CO yield of both methanol and ethanol was practically independent of the water content.
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1. Introduction


Methanol and ethanol are the primary alcohols utilized as biofuels, biorenewable components of automotive fuels, and raw materials for the production of biorenewable components of automotive fuels. Of the bio-recoverable components of automotive fuels, methyl tert-butyl ether (IUPAC name: 2-methoxy-2-methylpropane, MTBE) is produced from methanol, and ethyl tert-butyl ether (IUPAC name: 2-ethoxy-2-methyl-propane, ETBE) is produced from ethanol. In addition, biomethanol and bioethanol are widely used in households, e.g., as stove fuels.



Both methanol and ethanol are fuels that are fully miscible with water. The unlimited miscibility with water allows for the preparation and utilization of optimal concentration solutions for each application. The best indicator of energy potential of fuels is the effective heat of combustion. The effective heat of combustion of methanol and ethanol fuels decrease with water content increase, but the exact (under real combustion conditions) impact has not been quantified still. Besides that, there are two significant risks associated with the production, processing (e.g., formation of MTBE or ETBE), transport, and utilization of methanol and ethanol. The first major risk is the environmental impact, and the second is the fire risk. Likewise, the exact impact of the water content in methanol and ethanol on the impact of their combustion on the environment and on fire risk has not been quantified.



The impact of alcohol fuel combustion on the environment is expressed by carbon monoxide (CO) yield per unit released heat. The impact of methanol and ethanol combustion on the environment has been partially explored in scientific papers by Cooney et al., Zhang et al., Liang et al., and Melo et al. [1,2,3,4]. The fire risk of liquid fuels is determined by their flash point, the heat released, and the CO yield per mass loss. Nevertheless, no scientific paper has examined the complex components of the fire hazard of methanol and ethanol. Selected components related to the fire risk of methanol and ethanol and their mixtures were partially examined by Liaw et al., Vidal et al., and Guo et al. [5,6,7]. The methanol and ethanol production process is described, e.g., by Kurambhatti et al. and Wang et al. [8,9].



The results from scientific papers of Simonelt et al. and Luche et al. [10,11] show that the combustion of most fuels produce a large quantity of combustion products. To assess the toxicity of combustion products, it is not technically or economically possible to measure and assess all of the components of the combustion products. However, the results of scientific papers of Ometto et al. and Gann et al. [12,13] and IEC 60695-7:2010, IEC 60695-7-3:2011, and C/VM2:2014 technical standards [14,15,16] show that during the combustion of methanol and ethanol (like with most carbon, hydrogen, and oxygen compounds), only carbon monoxide (CO) is important from the toxicological point of view. Other compounds are formed in too small a quantity and/or their toxicity is too low to significantly affect the resultant toxicity of the combustion products. Additionally, the results from scientific papers of Karlsson and Quintiere [17] and Maricq [18] show that only a negligible amount of soot is produced during the combustion of methanol and ethanol fuels. Therefore, the toxicity of methanol and ethanol combustion products is virtually determined by the amount of CO released.



The impact of water content of methanol and ethanol fuels on their combustion characteristics is very important data for set the parameters of the power equipment (e.g., boilers or stoves) and for fire risk assessment of these fuels. Nevertheless, there is still missing scientific study clarifies impact of water content of methanol and ethanol fuels on their combustion characteristics. Therefore, this study targets to clarify this issue.



The aim of the presented scientific study is to quantify the impact of the water content of methanol and ethanol fuels on the impact of their energy potential, combustion characteristics, the impact of their combustion on the environment, and fire risk.




2. Materials and Methods


Samples of methanol and ethanol fuels with a purity of 99.80% by volume, supplied by Centralchem Slovakia, S.R.O., Bratislava, Slovakia, were used for the research. The raw material for methanol production was wood and the raw material for ethanol production was corn. The samples were examined in both their pure and diluted forms. They were diluted using distilled water to provide water contents of 10, 20, 30, 40, 50, 60, 70, 80, and 90% by volume (pure samples containing 99.80% of the main components are referred to as samples with a water content of 0%).



The samples containing 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90% of water were used to examine the effect of water content on the flash point. To examine the impact of water content on the effective heat of combustion (EHC), heat release rate (HRR), maximum heat release rate (mHRR), maximum average rate of heat emission (MARHE), and CO yield (per unit mass loss and unit released heat), samples containing 0, 20, 40, 60, and 80% of water were used.



The impact of water content on the flash point of methanol and ethanol was determined using the Pensky-Martens apparatus (NPM 131; Normalab, S.A., Naninne, Belgium) according to ISO 2719:2016 [19]. The test procedure complied with ISO 2719:2016 [19] (Test Procedure A) with one modification. The modification of the test procedure consisted of cooling the sample and the test flask of the test apparatus prior to testing. Prior to testing the methanol and ethanol solutions with water contents of 0 to 70%, the samples and the test flask were cooled to −15 °C. Prior to testing the methanol and ethanol solutions with water contents of 80 and 90%, the samples and the test flask were cooled to 0 °C. The Pensky-Martens apparatus has been calibrated according to ISO 2719:2016 [19].



The impact of the water content on the EHC, HRR, mHRR, MRHE, and CO yield (per unit mass loss and unit released heat) was determined using a cone calorimeter (Dual Cone Calorimeter; Fire Testing Technology, Ltd., East Grinstead, UK) according to ISO 5660-1:2015 [20]. The test procedure complied with ISO 5660-1:2015 [20] with one modification. The modification was the replacement of the solid sample holder with a liquid sample container consisting of a steel circular vessel with an internal diameter of 106 mm and a height of 20 mm (the wall thickness of the container was 2 mm). The vessel diameter was chosen so that the surface area of the liquid fuel would correspond to the surface area of the solid fuel required by ISO 5660-1:2015 [20]. The test procedure and the modification were described in detail in the scientific paper of Martinka et al. [21]. During the test, the samples, in compliance with the requirements of ISO 5660-1:2015 [20], were exposed to a heat flux of 10 kw/m2 from a cone heater (cone heater is a part of Dual Cone Calorimeter; Fire Testing Technology, Ltd., East Grinstead, UK). The sample volume used for each cone calorimeter test was 85 ± 5 mL. The combustion efficiency was calculated from the data measured using the cone calorimeter by using the method according to scientific papers of Ward et al. and Ferek et al. [22,23].



The cone calorimeter has been calibrated in accordance with ISO 5660-1:2015 [20].



The HRR describes amount of heat released in one second from one square meter of the sample. Unit of the HRR is kW/m2. This unit could also be expressed as kJ/(s × m2) because kW = kJ/s. The cone calorimeter measure heat release rate for samples with 0.0088 m2 surface and then recalculate it to 1 m2 sample surface. The mHRR is defined as the maximum value (peak) of the heat release rate recorded during the test. Another parameter is MARHE. This parameter can be defined as maximum average rate of heat release rate. Units of the mHRR and MARHE are the same as unit of the HRR. The CO yield per mass loss is defined as amount of CO (g) released per 1 kg mass loss of fuel (this parameter express how many CO is released from 1 kg burned fuel). The unit of the CO yield per mass loss unit is therefore g/kg. Similar parameter is the CO yield per released heat. This parameter express amount of CO (g) released per 1 MJ heat released from burned fuel. The unit of the CO yield per released heat is therefore g/MJ.




3. Results and Discussion


The dependence of the flash points of the alcohol–water solutions examined on the water content is shown in Figure 1. Both methanol and ethanol exhibited an exponential flash point dependence on water content. The flash point of the undiluted methanol was 13 °C and the undiluted ethanol had a flash point of 14 °C. In contrast, the flash points of methanol and ethanol with a water content of 90% were 55 °C and 50 °C, respectively. The data shows that the flash points of the alcohols examined exhibited noticeable increases with increasing water content. However, even a water content of 90% cannot be considered as sufficient protection against ignition, and even with such a degree of dilution with water, the examined fuels act as flammable liquids (as evidenced by the fact that their flash points can be determined). Therefore, during their production, processing, and utilization, methanol and ethanol are to be considered as flammable liquids irrespective of their degree of dilution with water.



The impact of the water content on the heat release rate is illustrated in Figure 2. It shows a noticeable decrease in the heat release rate with increasing water content. During combustion, the undiluted alcohols began to boil (under cone calorimeter test conditions). The boiling of undiluted methanol began at approximately 150 s and undiluted ethanol at approximately 200 s (Figure 2). The boiling in Figure 2 shows a rapid increase in the heat release rate to approximately 60 kW/m2 for methanol or to 150 kW/m2 for ethanol. For alcohols with a water content of 20%, boiling was only observed for a relatively short period of time (Figure 2). At a water content equal to or above 40%, boiling was not observed. This was due to the lower flame temperature and the resultant decrease in the reverse heat radiation from the flame to the surface of the alcohol–water solution and the higher heat capacity and boiling point of water compared to the alcohols. The reason for the lower flame temperature was that in the combustion zone, apart from alcohol (fuel), water was also evaporated from the alcohol–water solution. As a result, less alcohol was evaporated into the combustion zone (the heat released from the combustion zone reduced), and the heat released from the combustion zone was consumed to heat the combustion products and to heat the evaporated water.



The comparison of the heat release rate of the examined fuels with other scientific papers is rather complicated, as this is the first scientific study to fully examine the impact of water content on heat release rate and the impact of methanol and ethanol combustion on the environment. However, there are scientific papers that have thoroughly examined the heat release rate of other flammable liquid fuels (e.g., [21] examined the fire risk of automotive gasoline). The comparison of Figure 2 with the results of the scientific paper of Martinka et al. [21] shows that methanol and ethanol had a lower maximum heat release rate than automotive gasoline, but the course of the heat release rate was similar. The comparison of the heat release rate for solid biorenewable sources (lignocellulosic fuels) published in scientific papers of Janssens, Maciulaitis et al., Akaki et al., and Carosio et al. [24,25,26,27] demonstrates that undiluted methanol and ethanol exhibit higher heat release rates and more even heat release than lignocellulosic fuels. Conversely, methanol with a water content equal to or higher than 40% and ethanol with a water content equal to or higher than 60% showed a lower heat release rate than solid biorenewable fuels according to Janssens, Maciulaitis et al., Akaki et al., and Carosio et al. [24,25,26,27].



The primary derived heat release rate parameters are the mHRR shown in Figure 3, the MARHE shown in Figure 4, and the EHC shown in Figure 5. The mHRR is the maximum heat release rate (local maximum) recorded during the test. The MARHE was calculated according to Equation (1),


  MARHE = max    ∑   t i   t    HRR  ( t )  + HRR  (  t − 1  )   2  ·  t    Δ     t −  t i     



(1)




where MARHE is maximum average rate of heat emission (kW/m2), HRR(t) is heat release rate at time t (kW/m2), HRR(t−1) is heat release rate at time t−1 (kW/m2), t is time for which average rate of heat emission is calculated (s), ti is time to ignition (s) and Δt is time increment between successive measured values between HRR (s) [28].



The EHC is the amount of heat released per unit mass loss fuel under the conditions of a cone calorimeter test. The mHRR (Figure 3), MARHE (Figure 4), and EHC (Figure 5) linearly decreased with increasing water content.



A comparison of the mHRR (Figure 3) and MARHE (Figure 4) with the data in [24,25,26,27,29,30,31,32] shows that the undiluted methanol and ethanol both exhibit a higher mHRR and MARHE than most natural polymers (fuels), but are at the same time lower than most synthetic polymers and flammable liquids. This comparison further demonstrates that methanol with a water content of 40% and ethanol with a water content of 60% both exhibit a lower mHRR and MARHE than most substances. For comparison purposes, the combustion and fire characteristics of common alcohols and biorenewable fuels can be found in [33,34,35,36,37,38,39,40].



The EHC values (Figure 5) of undiluted methanol (23.9 MJ/kg) and ethanol (32.7 MJ/kg) were approximately equal to the maximum theoretical gross calorific values of methanol (22.7 MJ/kg) and ethanol (29.7 MJ/kg). Additionally, they were approximately 20% higher than the maximum theoretical net calorific values of methanol (20.1 MJ/kg) and ethanol (27 MJ/kg) calculated from the standard enthalpy of formation and the vaporization enthalpy of water published in the scientific paper by Haynes [41]. The reason for the slight difference between the gross and net calorific values and the EHC of methanol and ethanol was due to the use of different principles for their measurement. The standard enthalpy of formation needed to calculate the gross and net calorific value is measured in an oxygen calorimeter according to ISO 1716:2018 [42], which measures the heat released based on the increase in water temperature in a calorimetric vessel. The cone calorimeter measures the EHC based on the oxygen consumption (to which 13.1 ± 0.7 kJ of heat per 1 g of consumed oxygen is released during the combustion of most organic substances [43]. In comparison, from the results in [44,45], the net calorific value of most wooden fuels (wood is considered to be a reference material to biofuels comparison) ranges from 17 to 18 MJ/kg. As shown in Figure 5, methanol shows similar EHC values (17.25 MJ/kg) at a water content of 40%, and ethanol also shows similar values (20.4 MJ/kg) at a water content of 60%. This comparison illustrates that from the point of view of EHC, methanol and ethanol show a comparable energy potential as wooden fuels at water contents of 40% for methanol and 60% for ethanol.



Fuel and water were not evaporated from the solution into the combustion zone in the proportions corresponding to their ratio in the solution. This was due to the different boiling temperatures and vaporization enthalpies of alcohols and water. The fuel–water ratio in the combustion zone can be estimated by using the fact that no heat is released from the water evaporated from the solution into the combustion zone. Therefore, the ratio of the EHC for a solution with certain water content to the EHC of pure (undiluted) fuel approximately corresponds to the average fuel–water ratio in the combustion zone. The average fuel–water ratios in the combustion zone for solutions with the water contents examined are shown in Figure 6. Figure 6 shows that the average methanol-to-water ratio, as well as the ethanol-to-water ratio in the combustion zone, decreased almost linearly with increasing water content of the solution. At a water content of 80%, the average methanol-to-water ratio in the combustion zone was approximately 0.50, and the average ethanol-to-water ratio was approximately 0.51 (Figure 6).



In addition to the fuel–water ratio (evaporated from the solution) in the combustion zone, another important combustion characteristic is the minimum fuel content in the solution, which is still combustible under the given conditions (critical alcohol content for spontaneous flame extinction). The conditions are represented by the ambient temperature or heat flux exposed to the surface of the combustible liquid. Determination of the critical fuel ratio of the solution (for spontaneous flame extinction) is based on the fact that the EHC of alcohol linearly decreases as water content increases (Figure 5). Thus, if the original mass or volume of the solution and the mass or volume loss of the solution during the spontaneous flame extinction (Table 1) are known, the mass of fuel evaporated from solution can be calculated according to Equation (2) and the mass of water evaporated from the solution can be calculated according to Equation (3),


FE = MLS × (EHC/EPF)



(2)






MEW = (MLS/100) × (1 − EHC/EPF)



(3)




where FE is the mass of fuel evaporated (g), MLS is the mass loss of the solution of fuel and water (g), EHC is the effective heat of combustion of a solution of fuel and water (kJ/kg), EPF is the effective heat of combustion of pure fuel (kJ/kg), and MEW is the mass of evaporated water (g).



The mass of fuel in the solution during spontaneous flame extinction is then calculated as the difference between the fuel in solution before the start of the test and the mass loss of fuel. The critical fuel concentration in the solution is calculated from the mass or volume of fuel in the solution and the volume or mass of the solution (in the case of spontaneous flame extinction). The critical concentrations (mass ratios of fuel to water) for the fuels examined in a water solution, for which spontaneous flame extinction occurs, are illustrated in Table 2. The critical fuel content for a solution with an alcohol content of more than 40% was not determined due the fact that, during the combustion of the 60% and 80% alcohol solutions, only a negligible residue remained (water evaporated into the combustion zone together with the alcohol). The data in Table 2 shows that the critical methanol content (in solution with water) for spontaneous flame extinction is about 15.6 to 17.3%, and the critical ethanol content is about 11 to 14.2%. This conclusion, however, only applies for these experimental conditions. For practical applications, it is necessary to refer to Figure 1, according to which it is possible to determine the flash point of methanol and ethanol even at a water content of 90%. The reason for the difference between the critical water content for spontaneous flame extinction determined using a cone calorimeter according to ISO 5660-1:2015 [20] and the flash point determined using the method according to ISO 2719:2016 [19]) is the different procedures used for the determination of these parameters.



The dependency of the CO yields on the water content in methanol and ethanol is illustrated by Figure 7 (the CO yields per mass loss unit) and Figure 8 (the CO yields per released heat unit). Figure 7 shows that the water content in methanol (in the interval from 0 to 60%) have virtually no effect on the CO yield (per mass loss unit), while the CO yield (per mass loss unit) of ethanol with increasing water content (in the interval of 0 to 60%) decreases. The decrease in the CO yield from ethanol can be explained by the fact that, besides ethanol, water also contributes to the mass loss from the sample solution (input data for the CO yield calculation), and no CO is released in the combustion zone from the water evaporated from the solution. However, this effect did not appear in the decrease of the CO yield (per mass loss unit) from methanol. This is probably due to the lower boiling point of methanol 64.7 °C, according to [41], compared to ethanol 78.4 °C, according to [41], and the faster evaporation of methanol from the water solution. As a result of this faster evaporation, methanol burns in the combustion zone at a higher mass ratio of alcohol to water than ethanol (this conclusion is also confirmed by Figure 6). The result is the independence of the CO yield (per unit of sample mass loss) from methanol to the water content (in the interval 0 to 60%). For both methanol and ethanol with a water content of 80%, a sharp rise in the CO yield (per mass loss) was observed (Figure 7).



The CO yield (per released heat) increases exponentially with increasing water content for both methanol and ethanol (Figure 8). This trend clearly demonstrates the decreased efficiency of combustion of the examined fuels and hence an increasing impact of combustion on the environment with increasing water content. Both fuels showed a maximum CO yield (per both mass loss and released heat) at a water content of 80% (Figure 7 and Figure 8). At the stated water content of the solution, the ratio of fuel to water (evaporated from solution) in the combustion zone is relatively low (Figure 6). A high water level in the combustion zone is manifested through a decrease in flame temperature, through the disruption of the proportion ratio (fuel—oxidant in the combustion zone), which ultimately leads to a reduction in combustion efficiency and a high increase in the CO yields (Figure 7 and Figure 8).



The comparison of the CO yields (per mass loss and released heat) of the examined fuels (Figure 7 and Figure 8) with the CO yields from natural and synthetic polymers (fuels) published in scientific papers by Karlsson and Quintiere [17], DiNenno, and Ozgen et al. [46,47] shows that both methanol and ethanol exhibit a substantially lower CO yield than most natural and synthetic polymers and fuels. Moreover, scientific study by Gardiner [48] demonstrates that the intermediates of burning organic compounds consisting of carbon, hydrogen, and oxygen are oxidized to CO substantially more readily than CO to carbon dioxide (CO2). Additionally, methanol and ethanol generally only produce a negligible amount of soot. CO is therefore a reliable indicator of the combustion efficiency of methanol and ethanol and the impact of their combustion on the environment. At water contents of 0 to 60%, the impact of the combustion of methanol and ethanol on the environment is negligible due to low CO yields (Figure 7 and Figure 8). At a water content of 80%, the impact of the combustion of methanol and ethanol on the environment, given the higher CO yields (Figure 7 and Figure 8), is more pronounced, but still relatively low in comparison to other substances. Likewise, the contribution of methanol and ethanol fires to the toxicity of combustion products is low due to the low CO yields (Figure 7 and Figure 8) in comparison to other substances.



In addition to CO yields, combustion efficiency is also a reliable combustion characteristic (with the decreasing effectiveness of combustion, the amount of toxic combustion products increases, and more of the substance must burn to obtain the same amount of heat). The impact of water on the combustion efficiency of methanol and ethanol is shown in Figure 9. The combustion efficiency data (Figure 9) roughly corresponds to the inverse data in Figure 7 and Figure 8 and thus confirms the maximum impact of combustion on the environment at a water content of methanol and ethanol of 80%.




4. Conclusions


This study attempts to quantify the impact of the water content of methanol and ethanol fuels on their energy potential, combustion characteristics, and fire risk. The results of the study may be summarized in the following conclusions.




	
With increasing water content, the flash point of both methanol and ethanol considerably increased. Both methanol and ethanol show an exponential dependence of flash point on water content. Despite the noticeable increase in the flash point (in an undiluted state, methanol and ethanol have flash points of 13 and 14 °C, while for a water content of 90%, the flash point rises to 55 and 50 °C, respectively), the examined alcohols behave as flammable liquids even at a water content of 90%.



	
The EHC, mHRR, and MARHE of methanol and ethanol decrease linearly with increasing water content.



	
The water content of methanol (in the range 0 to 60%) has no practical effect on the CO yield (per mass loss), while the CO yield (per mass loss) of ethanol with decreasing water content (in the range 0 to 60%) slightly decreases. The CO yield (per released heat) of both methanol and ethanol increases with increasing water content. The maximum CO yield (per both mass loss and released heat) of both methanol and ethanol was found to be at a water content of 80%. As the combustion of methanol and ethanol only produces a negligible amount soot, and from a toxicological point of view, CO is the most important combustion product, the impact of the combustion of methanol and ethanol on the environment is determined only the CO yield (mainly per released heat). Minimizing the impact of methanol and ethanol combustion on the environment can thus be achieved by minimizing the water content.



	
The ratio of methanol to water (evaporated from the solution into the combustion zone) and the ratio of ethanol to water (evaporated from the solution into the combustion zone) both decrease linearly with increasing water content of the solution.



	
A methanol solution with water exposed to a heat flux of 10 kw/m2 stops burning when the methanol content decreases to 15.6–17.3%. A solution of ethanol with water exposed to the same heat flux stops burning when the ethanol content decreases to approximately 11–14.2 %.








Based on these conclusions, it is possible to state that increase of the water content of the examined fuels has a significant effect on the effective heat of combustion decrease and a moderate effect on combustion efficiency decrease. Based on these conclusions, it is also possible to state that the water content of the examined alcohols has an adverse effect on the environmental impact and fire risk. While most components of fire risk (flash point and released heat) decrease with increasing water content, the environmental impact of combustion (CO yield to released heat) increases as the water content increases.
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Abbreviations




	EPF
	Effective heat of combustion of pure fuel (kJ/kg)



	EHC
	Effective heat of combustion (MJ/kg)



	ETBE
	Ethyl tert-butyl ether (-)



	FE
	Mass of fuel evaporated (g)



	HRR
	Heat release rate (kW/m2)



	IUPAC
	International Union of Pure and Applied Chemistry (-)



	MARHE
	Maximum average rate of heat emission (kW/m2)



	MEW
	Mass of evaporated water (g)



	mHRR
	Maximum heat release rate (kW/m2)



	MLS
	Mass loss of the solution of fuel and water (g)



	MTBE
	Methyl tert-butyl ether (-)
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Figure 1. Dependency of the flash point of investigated fuels on the water content: (a) Dependency of the flash point of methanol on the water content; (b) Dependency of the flash point of ethanol on the water content. 
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Figure 2. Dependency of the heat release rate of investigated fuels on the water content: (a) Dependency of the heat release rate of methanol on the water content; (b) Dependency of the heat release rate of ethanol on the water content. 
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Figure 3. Dependency of the maximum heat release rate of investigated fuels on the water content: (a) Dependency of the maximum heat release rate of methanol on the water content; (b) Dependency of the maximum heat release rate of ethanol on the water content (mHRR: maximum heat release rate). 
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Figure 4. Dependency of the maximum average rate of heat emission of investigated fuels on the water content: (a) Dependency of the maximum average rate of heat emission of methanol on the water content; (b) Dependency of the maximum average rate of heat emission of ethanol on the water content (MARHE: maximum average rate of heat emission). 
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Figure 5. Dependency of the effective heat of combustion of investigated fuels on the water content: (a) Dependency of the effective heat of combustion of methanol on the water content; (b) Dependency of the effective heat of combustion of ethanol on the water content (EHC: effective heat of combustion). 
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Figure 6. Dependency of the mass ratio of investigated fuels to water (evaporated from solution) in the combustion zone on the water content: (a) Dependency of the mass ratio of methanol to water (evaporated from solution) in the combustion zone on the water content; (b) Dependency of the mass ratio of ethanol to water (evaporated from solution) in the combustion zone on the water content. 
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Figure 7. Dependency of the carbon monoxide (CO) yields (per mass loss) of investigated fuels on the water content: (a) Dependency of the CO yields (per mass loss) of methanol on the water content; (b) Dependency of the CO yields (per mass loss) of ethanol on the water content. 
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Figure 8. Dependency of the CO yields (per released heat) of investigated fuels on the water content: (a) Dependency of the CO yields (per released heat) of methanol on the water content; (b) Dependency of the CO yields (per released heat) of ethanol on the water content. 
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Figure 9. Dependency of the combustion efficiency of investigated fuels on the water content: (a) Dependency of the combustion efficiency of methanol on the water content; (b) Dependency of the combustion efficiency of ethanol on the water content. 
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Table 1. Mass loss of fuel solutions from ignition to the spontaneous flame extinction.
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	Water Content in Solution (%)
	60
	80





	Mass loss of methanol solution (g)
	35.5
	8.1



	Mass loss of ethanol solution (g)
	35.4
	14.8



	Mass of burned methanol (g)
	20.9
	4.1



	Mass of burned ethanol (g)
	21.9
	7.5



	Mass of water evaporated from methanol solution (g)
	14.6
	4



	Mass of water evaporated from ethanol solution (g)
	13.5
	7.3
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Table 2. Critical fuels contents (ratio of alcohol mass to water mass) in solution for the spontaneous flame extinction.






Table 2. Critical fuels contents (ratio of alcohol mass to water mass) in solution for the spontaneous flame extinction.





	Water Content in Solution (%)
	60
	80





	Critical methanol content in solution (%)
	17.3
	15.6



	Critical ethanol content in solution (%)
	14.2
	11
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