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In this paper, the effects of equivalence ratio (0.8–2.0) and temperature (30°C–120°C) on ethanol, acetone, and, ethyl acetate vapors explosion characteristics through experimental and numerical studies were investigated. The explosion overpressure and flame propagation velocity were recorded through the pressure transducer and high-speed camera. The results showed that the flame propagation velocity, peak explosion overpressure, and peak growth rate of explosion overpressure increased first and then decreased with the increase of equivalence ratio. The cracks on the flame surface enhanced with the increase of the equivalence ratio. As the initial temperature increased, peak explosion overpressure, the flame propagation velocity, and peak growth rate of explosion overpressure gradually increased. The sensitivity analysis of laminar burning velocity indicated that with the change of equivalence ratio and initial temperature, the shared elementary reactions that increased the reactivity were H + O2 <=> O + OH, HCO + M <=> H + CO + M, and CO + OH <=> CO2 + H, and the shared elementary reaction that reduced the reactivity was H + OH + M <=> H2O + M. The main factor affecting laminar burning velocity was the mole fraction of H and OH radicals.
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1 INTRODUCTION
Ethanol, acetone, and ethyl acetate are common organic solvents for hazardous chemicals and are usually used in the chemical, petrochemical, pharmaceutical industries, and laboratories (Chow et al., 2021; Li Y. Q. et al., 2021; Nilaphai et al., 2022; Zhang et al., 2022). However, the inherent toxicity, corrosiveness, flammability, and explosiveness of these substances could bring great harm to human production and life. In recent years, due to the reduction of fossil fuels, these hazardous chemicals have been extensively investigated as potential alternative fuels (Zhang et al., 2018; Abdelkhalik et al., 2019; Oppong et al., 2020; Li X. L. et al., 2021; Mitu et al., 2021; Li et al., 2022). Since these substances are very easy to vaporize, once they leak into the air to form a combustible vapor mixture, there is a danger of vapor cloud explosion. Therefore, exploring the explosion characteristics of ethanol, acetone, and ethyl acetate vapors with air is essential for the safe use of these hazardous chemicals.
The flame propagation and pressure characteristics of gases and dust have been extensively studied. Wu et al. (2021) used a Hartmann device and a spherical pressure vessel to test the ignition sensitivity and explosion severity of metal dust MH2 (M = Mg, Ti, Zr), and the results showed that the reactivity and reaction rate of MgH2 were higher than those of TiH2 and ZrH2. The flame propagation velocity and structure, explosive residues, and combustion reaction mechanism of hydrogen/aluminum dust mixtures were elucidated by Yu et al. (2020). The results showed that the micro-diffusion flame and asymmetric flame appeared simultaneously in the flame propagation. Yang et al. (2021) conducted an explosion venting test of aluminum dust in a 20 L spherical chamber, and obtained the fitting formula of flame length and width, which provided a reference for the design of the venting safety area. Wang J. et al. (2020) explored the flame propagation characteristics of hydrogen/methane/air mixtures in pipes with different cross-sections. The results showed that the twists and folds of smooth flame front occurred when the flame propagates to mutation locations in the pipe cross-sectional area. The greater the mutation rate of the pipe, the more obvious the disturbance to the flame and the more serious the turbulence. Cao et al. (2021a), Cao et al. (2021b), Cao et al. (2021c), Cao et al. (2021d) conducted experimental and numerical simulation studies on the flame propagation and explosion pressure characteristics of hydrogen/air mixtures in spherical explosion containers and explosion venting devices. The influence laws of hydrogen concentration, opening pressure of explosion venting, and venting duct length on flame propagation and explosion pressure were obtained. The combined effects of the vertical concentration gradient and obstacle shape on the methane-air explosion characteristics were investigated experimentally by Huang et al. (2021). Li Y. C. et al. (2021) studied the correlation between the hydrogen/ammonia/air cloud explosion flame behavior and the maximum explosion pressure by changing the equivalence ratio. The results showed that the average flame propagation velocity and the maximum explosion pressure first increase and then decrease with the increase of the equivalence ratio.
For the explosion characteristics of organic solvents, Song and Zhang (2021), Wang Z. R. et al. (2020), Cheng et al. (2021), and Mao et al. (2020) studied the flame propagation characteristics, flame temperature, pressure distribution, and thermal runaway of the organic solvent vapors, and deeply analyzed the reaction mechanism and pathway of the vapor cloud explosion. For the moment, some scholars have studied the explosion characteristics of ethanol, acetone, and ethyl acetate. Gerasimov et al. (2012), Saxena and Williams (2007), Sun et al. (2017), and Veloo et al. (2010), had investigated and improved the combustion mechanisms of ethanol through experimental and theoretical analysis. Mitu and Brandes (2017) researched the explosion characteristics of ethanol/air mixtures at various initial pressures (10.1–101 kPa), temperatures (298–373 K), and vessel volumes (5 L and 20 L). A linear relationship between the explosion pressure and the rate of pressure rise with the initial pressure was discovered. Bradley et al. (2009) measured the ethanol/air laminar burning velocity, the Markstein number, and the critical Peclet number at the beginning of flame instability under various initial pressures (0.1–1.4 MPa), temperatures (300–393 K), and equivalence ratios. They discovered that the Markstein number decreased with the increase of the initial pressure, and slightly increased with the increase of temperature. Furthermore, several researchers (Beeckmann et al., 2014; Konnov et al., 2011; Mitu et al., 2018; Chen et al., 2021; Mol’Kov and Nekrasov, 1981) investigated the safety characteristics of ethanol/air mixtures under various initial pressure and temperature, and they obtained similar results. There are limited studies on the explosion characteristics of acetone/air mixtures. Chang et al. (2011) obtained the explosion overpressure and flammability limit region of acetone/air under various temperatures (150°C and 200°C) and pressure (101 and 202 kPa) using a 20 L standard spherical equipment and provided recommendations for the safe use of acetone. Chong and Hochgreb (2011), Mol’Kov and Nekrasov (1981), Nilsson et al. (2013), and Wu et al. (2016) evaluated the laminar burning velocity of acetone/air. The most critical elementary reactions impacting acetone/air laminar burning velocity are revealed to be H + O2 <=> O + OH, OH + CO <=> H + CO2, HO2+ CH3 <=> OH + CH3O, H + O2 + H2O <=> HO2+ H2O. Dayma et al. (2012) observed laminar burning velocities of C4-C7 Ethyl Esters (including ethyl acetate) in a 4.2 L spherical combustion chamber with various initial pressures (1–10 bar), temperatures (323–473 K), and equivalent ratios (0.7–1.5), and devised a novel combustion chemical reaction kinetic mechanism (1845 reactions versus 232 species). In the last 2 years, Li X. L. et al. (2021) and Oppong et al. (2021) have investigated the explosion characteristics of ethyl acetate/air mixtures and evaluated the explosion overpressure and laminar burning velocity under various initial pressures, temperatures, and equivalence ratios. They discovered that when the equivalence ratio and initial pressure increase, flame surface cracks and cell grids formed sooner, and the maximum explosion overpressure and laminar burning velocity approach an extreme value of 1.2. Badawy et al. (2016) measured the laminar burning velocity of ethyl propionate, ethyl butyrate, ethyl acetate, gasoline, and ethanol fuels under various equivalence ratios (0.8–1.4) and initial temperatures (60, 90, and 120°C). The flame propagation velocity, Markstein length, Markstein number, laminar burning velocity, and laminar burning flux were calculated and analyzed. The results showed that the unstretched flame propagation velocity of ethanol was the fastest, and that of ethyl acetate was the slowest. The highest unstretched flame velocity was in the equivalence ratio range of Φ = 1.1–1.2.
This work aimed to investigate the explosion characteristics of ethanol, acetone, and ethyl acetate vapors at various equivalent ratios and initial temperatures through experimental and numerical studies. The flame development patterns of three liquid vapors were compared. The results of experimental and numerical studies of flame propagation velocity, peak explosion overpressure, and peak growth rate of explosion overpressure were analyzed. The potential explosion overpressure of three liquid vapors was estimated. Finally, the effects of elementary reactions and active radicals on the laminar combustion rate were investigated.
2 MATERIALS AND METHODS
Figure 1 shows the schematic diagram of the experimental system, including a spherical vessel (100 mm inner diameter), high-speed schlieren system, ignition system, heating system, synchronous control system, and gas distribution and liquid injection system. A FASTCAM SA-Z high-speed camera was used to capture the flame propagation behavior through a schlieren system and quartz glasses (25 mm in diameter) with a capture rate of 10, 000 fps. A PCB (Model: 113B24) pressure transducer was used to collect the pressure data with an acquisition frequency of 100 kS/s. The heating system can provide a uniform and stable initial temperature for the spherical vessel after heating for 2 h. A 15 kV high-voltage transformer was adopted as an ignition source, which can generate approximately 10 W of energy. The breaking current was 30 mA, and the discharge duration was 0.3 s. A pair of tungsten rods of 1 mm diameter with the electrode tips spacing of 1 mm was employed as the electrode. Some other detailed parameters can be found in Zhang et al. (2022).
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental system.
The experiment was carried out according to the following steps: 1) heating the spherical vessel to the required temperature, 2) vacuuming the vessel, 3) injecting the required liquid into the vessel through a pipette and preparing the corresponding air, 4) activating the timing controller, 5) recording the pressure and flame propagation data. An OMEGA pressure gauge with a range of 0–689.48 kPa and an accuracy of 0.05% was used to prepare the gas by the partial pressure method. Assuming that the liquid was completely transformed into an ideal gas in a vacuum environment, the volume fraction of the liquid vapor was calculated as Eq. 1:
[image: image]
The equivalence ratio was defined as Eq. 2:
[image: image]
In this study, ethanol, acetone, and ethyl acetate were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd., and the purity is 99.5%. The compressed air was purchased from Dalian Junfeng Gas Chemical Co., Ltd., and the composition was 21% oxygen and 79% nitrogen. The information of the three substances is listed in Table 1.
TABLE 1 | The physical properties of ethanol, acetone, and ethyl acetate.
[image: Table 1]Figure 2 illustrates the typical curves of explosion overpressure with changing equivalence ratio and initial temperature. In the initial stage of flame propagation, the variation of explosion overpressure was negligible. When the vapor was burnt, the explosion overpressure started to rise rapidly and reached the peak value. When the vapor was burnt out, the explosion overpressure decreased subsequently. For the ethanol explosion at a given initial temperature and initial pressure (60°C, 100 kPa), both peak explosion overpressure and growth rate of explosion overpressure increased until Φ = 1.4, then decreased with the increase of equivalence ratio. For ethanol explosion at a given equivalence ratio and initial pressure (Φ = 1, 100 kPa), the peak explosion overpressure gradually decreased with the increase of initial temperature. The peak explosion overpressure and growth rate of explosion overpressure are directly affected by the variation of experimental parameters and are used to characterize the explosion intensity of liquid vapor clouds.
[image: Figure 2]FIGURE 2 | Typical curves of explosion overpressure changing equivalence ratio and initial temperature.
The explosion overpressure and laminar burning velocity of ethanol, acetone, and ethyl acetate at various equivalent ratios and temperatures were calculated using the premixed laminar flame velocity calculation module in ANSYS CHEMKIN PRO, and the sensitivity of the elementary reaction to the laminar burning velocity was evaluated. Besides, GASEQ was used to calculate the density of the unburned and burned mixture. The mechanism reported by Sun et al. (2017) was used in the numerical calculation. To obtain accurate calculation results, the maximum number of grid points was set to 3000, the solution gradient and curvature were set to 0.01, and the ending axial point was set to 1 cm.
3 RESULTS AND DISCUSSIONS
3.1 Effects of equivalence ratio
Figures 3–5 illustrate the effects of equivalence ratio on flame behavior of C2H6O, C3H6O, and C4H8O2 liquid vapor explosions. With the change from the lean side to the rich side, the propagating flame of different liquid vapor explosions tended to be more unstable. Specifically, several cracks appeared on the rich flame surface and the cracks will grow with time. The appearance and growth of cracks are caused by flame instabilities (Gárzon Lama et al., 2021; Oppong et al., 2021; Li et al., 2022; Zuo et al., 2022), when the flame radius exceeds a critical value, the cracks will even be generated by cellular structures. Therefore, C2H6O, C3H6O, and C4H8O2 liquid vapor explosions on the rich side were more susceptible to flame instabilities. In addition, the flame arrival time of different liquid vapor explosions, in which the propagating flame reached a fixed scale, firstly decreased and then increased with the increase of equivalence ratio.
[image: Figure 3]FIGURE 3 | Effects of equivalence ratio on flame behavior of C2H6O liquid vapor explosion.
[image: Figure 4]FIGURE 4 | Effects of equivalence ratio on flame behavior of C3H6O liquid vapor explosion.
[image: Figure 5]FIGURE 5 | Effects of equivalence ratio on flame behavior of C4H8O2 liquid vapor explosion.
Figure 6 shows the effects of equivalence ratio on flame propagation velocity (FPV) of different liquid vapor explosions. The experimental FPV was calculated based on the relationship between flame radius and flame arrival time in the visualization window. The numerical FPV was calculated by Eq. 3, ignoring the stretch effects (Burke et al., 2009; Ai et al., 2014; Song et al., 2020):
[image: image]
[image: Figure 6]FIGURE 6 | Effects of equivalence ratio on flame propagation velocity (FPV) of different liquid vapor explosions.
As shown in Figure 6, the FPV of experimental and numerical firstly increased and then decreased with the increase of equivalence ratio. The equivalence ratios corresponding to the peak value of experimental FPV of C2H6O, C3H6O, and C4H8O2 liquid vapor explosions were Φ = 1.4, Φ = 1.4, and Φ = 1.2, respectively. The equivalence ratios corresponding to the peak value of numerical FPV of C2H6O, C3H6O, and C4H8O2 liquid vapor explosions were all Φ = 1.2.
Figure 7 expresses the effects of equivalence ratio on peak explosion overpressure (PEO) of different liquid vapor explosions. The numerical PEO was calculated using the CHEMKIN. Obviously, with the increase of equivalence ratio, the PEO of experimental and numerical of different liquid vapor explosions firstly increased and then decreased. And the peak values of experimental and numerical PEO were reached at Φ = 1.2 and Φ = 1.4. In addition, the values of numerical PEO of different liquid vapor explosions were higher than experimental PEO, which could be attributed to the heat loss (Li et al., 2018). The adiabatic conditions were set in the numerical simulations, but it was difficult to be maintained due to heat conduction, heat convection, and heat radiation.
[image: Figure 7]FIGURE 7 | Effects of equivalence ratio on peak explosion overpressure (PEO) of different liquid vapor explosions.
Figure 8 shows the effects of equivalence ratio on the peak growth rate of explosion overpressure (PGREO) of different liquid vapor explosions. The PGREO of different liquid vapor explosions firstly increased and then decreased with the increase of equivalence ratio. The equivalence ratios corresponding to the peak value of PGREO of C2H6O, C3H6O, and C4H8O2 vapor explosions were Φ = 1.4, Φ = 1.2, and Φ = 1.4, respectively. For a given equivalence ratio, the PGREO of C2H6O vapor explosions were slightly higher than that of C3H6O and C4H8O2 vapor explosions.
[image: Figure 8]FIGURE 8 | Effects of equivalence ratio on peak growth rate of explosion overpressure (PGREO) of different liquid vapor explosions.
3.2 Effects of initial temperature
Figures 9–11 present the effects of initial temperature on flame behavior of C2H6O, C3H6O, and C4H8O2 liquid vapor explosions. With the increase of initial temperature, the propagating flame of different liquid vapor explosions was relatively smooth, which indicated that the flame instabilities were almost unchanged by increasing initial temperature. In addition, the flame arrival time of different liquid vapor explosions decreased with the increase of initial temperature.
[image: Figure 9]FIGURE 9 | Effects of initial temperature on flame behavior of C2H6O liquid vapor explosion.
[image: Figure 10]FIGURE 10 | Effects of initial temperature on flame behavior of C3H6O liquid vapor explosion.
[image: Figure 11]FIGURE 11 | Effects of initial temperature on flame behavior of C4H8O2 liquid vapor explosion.
In Figure 12, the effects of initial temperature on flame propagation velocity (FPV) of different liquid vapor explosions are shown. With the increase of initial temperature, the FPV of different liquid vapor explosions in experimental and numerical continued to increase. However, the numerical FPV of different liquid vapor explosions was higher than the experimental value.
[image: Figure 12]FIGURE 12 | Effects of initial temperature on flame propagation velocity (FPV) of different liquid vapor explosions.
Figure 13 shows the effects of initial temperature on peak explosion overpressure (PEO) of different liquid vapor explosions. As the initial temperature changes from 30°C to 120°C, the PEO of different liquid vapor explosions in experimental and numerical continued to decrease. And at different initial temperatures, the numerical PEO of different liquid vapor explosions was higher than the experimental value due to the heat loss.
[image: Figure 13]FIGURE 13 | Effects of initial temperature on peak explosion overpressure (PEO) of different liquid vapor explosions.
The Effects of initial temperature on the peak growth rate of explosion overpressure (PGREO) of different liquid vapor explosions are shown in Figure 14. With the increase of initial temperature, the PGREO of different liquid vapor explosions continued to increase. For a given initial temperature, the increasing order of PGREO was C4H8O2, C3H6O, and C2H6O.
[image: Figure 14]FIGURE 14 | Effects of initial temperature on the peak growth rate of explosion overpressure (PGREO) of different liquid vapor explosions.
Generally, with the increase of equivalence ratio, all of FPV, PEO, and PGREO of different liquid vapor explosions firstly increased and then decreased. This is mainly due to the fact that with the increase of equivalent ratio, the fuel goes through the process of poor combustion to rich combustion. However, FPV, PEO, and PGREO are relatively small in both poor and rich combustion, so they increase first and then decrease. With the increase of initial temperature, the PEO of different liquid vapor explosions continued to decrease, the FPV and PGREO gradually increased. This is mainly due to the fact that the increase in temperature speeds up the molecular motion rate and greatly increases the collision frequency between molecules. Therefore, the reaction is more intense, and both FPV and PGREO increase. In the constant volume explosion, the maximum explosion pressure is inversely proportional to the initial temperature, so the PEO decreases with the increase of initial temperature.
3.3 Kinetic factors affecting laminar burning velocity
As shown in Figure 6 and Figure 12, with the increase of equivalence ratio and initial temperature, the FPV of different liquid vapor explosions was highly related to laminar burning velocity. To reveal the relationship of laminar burning velocity and explosion overpressure, the explosion overpressure of different liquid vapor explosions was calculated using Eq. 4 (Bradley and Mitcheson, 1976; Dahoe et al., 1996):
[image: image]
Figure 15 shows the explosion overpressure of different liquid vapor explosions by theoretical calculation. The calculated explosion overpressure was almost unchanged in the initial stage, then increased rapidly with time. The variation tendency of theoretical and experimental explosion overpressure was consistent. However, differences in the quantitative characteristics were existent. The reasons were that the constant laminar burning velocity was assumed and the flame instabilities were ignored in Eq. 4.
[image: Figure 15]FIGURE 15 | Explosion overpressure of different liquid vapor explosions by theoretical calculation.
Both FPV and explosion overpressure of different liquid vapor explosions were closely depended on laminar burning velocity. In view of this, the laminar burning velocity of different liquid vapor explosions was discussed in this subsection and the factors affecting laminar burning velocity were explored from the perspective of reaction kinetics.
Figure 16 shows the effects of equivalence ratio and initial temperature on the laminar burning velocity of different liquid vapor explosions. As the equivalence ratio increased from Φ = 0.8 to Φ = 2.0, the laminar burning velocity of different vapor explosions firstly increased and then decreased. The equivalence ratios corresponding to the peak value of the laminar burning velocity of C2H6O, C3H6O, and C4H8O2 vapor explosions were Φ = 1.2, Φ = 1.2, and Φ = 1.0. For a given equivalence ratio, the decreasing order of laminar burning velocity was C2H6O, C3H6O, and C4H8O2. In addition, as the initial temperature increased from 30°C to 120°C, the laminar burning velocity of different liquid vapor explosions continuously increased. For a given initial temperature, the decreasing order of laminar burning velocity was C2H6O, C3H6O, and C4H8O2.
[image: Figure 16]FIGURE 16 | Effects of equivalence ratio and initial temperature on laminar burning velocity of different liquid vapor explosions.
[image: Figure 17]FIGURE 17 | Effects of equivalence ratio on sensitivity coefficient of different liquid vapor explosions. Figure 17 shows the effects of equivalence ratio on sensitivity coefficient of different liquid vapor explosions. For the C2H6O, as the equivalence ratio changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M and CH3 + HO2 <=> CH3O + OH. The elementary reactions that reducing reaction activity were:CH3 + H (+M) <=> CH4 (+M), HCO + H <=> CO + H2,H + O2 (+M) <=> HO2 (+M), H + OH + M <=> H2O + M.
For the C3H6O explosion, as the equivalence ratio changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M, HCCO + O2 <=> CO2 + CO + H. The elementary reactions that reducing reaction activity were: CH3 + H (+M) <=> CH4 (+M), CH3COCH3 + H <=> CH3COCH2 + H2, HCO + H <=> CO + H2, H + OH + M <=> H2O + M.
[image: Figure 18]FIGURE 18 | Effects of initial temperature on sensitivity coefficient of different liquid vapor explosions. Figure 18 shows the effects of initial temperature on sensitivity coefficient of different liquid vapor explosions. For the C2H6O explosion, as the initial temperature changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M, HO2 + H <=> OH + OH. The elementary reactions that reducing reaction activity were: CH3 + H (+M) <=> CH4 (+M), HCO + H <=> CO + H2, H + O2 (+M) <=> HO2 (+M), H + OH + M <=> H2O + M.
For the C4H8O2, as the equivalence ratio changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, HCO + M <=> H + CO + M, CO + OH <=> CO2 + H, EA <=> C2H4 + CH3COOH. The elementary reactions that reducing reaction activity were: CH3 + H (+M) <=> CH4 (+M), C2H3 + H <=> C2H2 + H2, CH2CO + H <=> CH3 + CO, H + OH + M <=> H2O + M.
Totally, for different liquid vapor explosions, the shared elementary reactions that enhancing reaction activity under different equivalence ratios were: H + O2 <=> O + OH, HCO + M <=> H + CO + M, CO + OH <=> CO2 + H. The shared elementary reactions that reducing reaction activity were: CH3 + H (+M) <=> CH4 (+M), H + OH + M <=> H2O + M.
For the C3H6O explosion, as the initial temperature changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M, HCCO + O2 <=> CO2 + CO + H. The elementary reactions that reducing reaction activity were: CH3 + H (+M) <=> CH4 (+M), HCO + H <=> CO + H2, H + O2 (+M) <=> HO2 (+M), H + OH + M <=> H2O + M.
For the C4H8O2 explosion, as the initial temperature changed, the elementary reactions that enhancing reaction activity were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M, EA <=> C2H4 + CH3COOH. The elementary reactions that reducing reaction activity were: H + OH + M <=> H2O + M, H + O2 (+M) <=> HO2 (+M), HCO + H <=> CO + H2, HCO + OH <=> CO + H2O.
Totally, for different liquid vapor explosions, the shared elementary reactions that enhancing reaction activity under different initial temperatures were: H + O2 <=> O + OH, CO + OH <=> CO2 + H, HCO + M <=> H + CO + M. The shared elementary reactions that reducing reaction activity were: H + O2 (+M) <=> HO2 (+M), H + OH + M <=> H2O + M, HCO + H <=> CO + H2.
As shown in Figure 19 and Figure 20, the generation and consumption of active radicals in the important elementary reactions affecting reaction activity are displayed and the characteristics of active radicals of different liquid vapor explosions were analyzed. Figure 19 shows the effects of equivalence ratio on the mole fraction of active radicals of different liquid vapor explosions. For different liquid vapor explosions, the maximum mole fraction of H radical increased until Φ = 1.2 and then decreased with the increase of equivalence ratio. The tendency was highly consistent with the maximum mole fraction of OH radical, and its peak value was reached when Φ = 1.0. In addition, the maximum mole fraction of O radical at Φ = 0.8 and Φ = 1.0 was almost the same, then gradually decreased with the increase of equivalence ratio. Figure 20 shows the effects of initial temperature on the mole fraction of active radicals of different liquid vapor explosions. With the increase of initial temperature, the maximum mole fraction of active radicals of different liquid vapor explosions gradually increased.
[image: Figure 19]FIGURE 19 | Effects of equivalence ratio on the mole fraction of active radicals of different liquid vapor explosions.
[image: Figure 20]FIGURE 20 | Effects of initial temperature on the mole fraction of active radicals of different liquid vapor explosions.
4 CONCLUSION
This paper obtained a general understanding of the effects of equivalence ratios (0.8–2.0) and temperatures (30°C–120°C) on ethanol, acetone, and ethyl acetate vapors explosion characteristics through experimental and numerical studies. The explosion overpressure and flame propagation were recorded through a pressure transducer and high-speed camera. The relationship between laminar burning velocity and explosion overpressure was also revealed. The conclusions are as follows.
(1) The flame propagation velocity, peak explosion overpressure, and peak growth rate of explosion overpressure of ethanol, acetone, and ethyl acetate vapors showed a trend of first increasing and then decreasing with the increase of equivalence ratio, and they almost all reached the peak when Φ = 1.2 or Φ = 1.4. The cracks on the flame surface increased with the increase of the equivalence ratio.
(2) With the increase of the initial temperature, peak explosion overpressure of ethanol, acetone, and ethyl acetate vapor explosions continued to decrease, and the flame propagation velocity and peak growth rate of explosion overpressure gradually increased. Maintaining the same temperature, the increasing order of peak growth rate of explosion overpressure was ethyl acetate, acetone, and ethanol.
(3) The laminar burning velocity and explosion overpressure had a tight connection. From the perspective of chemical reaction kinetics, the elementary reactions affecting the laminar burning velocity were discussed. For the three liquid vapors, with the change of equivalent ratio, the shared element reactions enhancing the reactivity were H + O2 <=> O + OH, HCO + M <=> H + CO + M, and CO + OH <=> CO2 + H. The shared elementary reactions reducing the reactivity were CH3 + H (+M) <=> CH4 (+M) and H + OH + M <=> H2O + M. With the change of the initial temperature, the shared elementary reactions increasing the reactivity were H + O2 <=> O + OH, CO + OH <=> CO2 + H, and HCO + M <=> H + CO + M. The shared elementary reactions reduceing the reactivity were H + O2 (+M) <=> HO2 (+M), H + OH + M <=> H2O + M, and HCO + H <=> CO + H2.
(4) For the three liquid vapor explosions, the maximum mole fraction of H radical continued to increase until Φ = 1.2, and then decreased as the equivalence ratio increased. This trend was highly consistent with the maximum mole fraction of OH radical, and its peak value reached Φ = 1.0. In addition, when Φ = 0.8 and Φ = 1.0, the maximum mole fraction of O radical was almost the same, and then gradually decreased as the equivalence ratio increased. With the increase of the initial temperature, the maximum mole fraction of reactive radicals of different liquid vapor explosions gradually increased.
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