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Abstract

:

Many countries consider hydrogen as a promising energy source to resolve the energy challenges over the global climate change. However, the potential of hydrogen explosions remains a technical issue to embrace hydrogen as an alternate solution since the Hindenburg disaster occurred in 1937. To ascertain safe hydrogen energy systems including production, storage, and transportation, securing the knowledge concerning hydrogen flammability is essential. In this paper, we addressed a comprehensive review of the studies related to predicting hydrogen flammability by dividing them into three types: experimental, numerical, and analytical. While the earlier experimental studies had focused only on measuring limit concentration, recent studies clarified the extinction mechanism of a hydrogen flame. In numerical studies, the continued advances in computer performance enabled even multi-dimensional stretched flame analysis following one-dimensional planar flame analysis. The different extinction mechanisms depending on the Lewis number of each fuel type could be observed by these advanced simulations. Finally, historical attempts to predict the limit concentration by analytical modeling of flammability characteristics were discussed. Developing an accurate model to predict the flammability limit of various hydrogen mixtures is our remaining issue.
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1. Introduction


The European Union (EU) is committed to constructing a decarbonized energy system. Many experts predict that the conventional energy generation, distribution, and storage system in the EU will be radically transformed [1]. Fuel cells as an efficient conversion technology and hydrogen as a carbon-free fuel have a great potential for contributing to address the energy challenges facing Europe. For this reason, an ambitious hydrogen energy roadmap was developed by the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) as shown in Figure 1. They expected the growth of hydrogen energy generation to approximately reach 2250 TWh in Europe by 2050. This amount is roughly a quarter of the EU’s total energy demand [1]. South Korea also considers hydrogen as a promising energy source for transportation and the research related to hydrogen-fuel infrastructure are being vigorously explored. The South Korean government developed a hydrogen energy roadmap of supplying 630,000 fuel-cell electric vehicles (FCEVs) and installing 520 hydrogen stations by 2030 [2].



However, since the Hindenburg disaster occurred in 1937, the potential threat of hydrogen explosions still shadowing the great potential of utilizing hydrogen energy, and hence the importance of hydrogen safety research has been most pronounced [3]. As far as the drawback of hydrogen, in the nuclear industry, hydrogen combustion is one of the remaining issues threatening the safety of a nuclear power plant (NPP). A significant amount of hydrogen gas can be emitted through an exothermic reaction of zircaloy and high-temperature steam during a severe accident. If partial hydrogen gas is leaked into the containment atmosphere, combustible mixtures can be formed. If the local hydrogen concentration exceeds the flammability limit, flame acceleration (FA) and detonation can occur depending on the mixture and geometric conditions, and their potential risk should be evaluated based on rigorous regulatory standards [4,5]. As compared to other fuels, hydrogen has a wide range of flammability (4–75 vol%) which means the accidental leakage has a high probability to cause fire [6,7]. Therefore securing robust knowledge concerning hydrogen flammability is essential to ascertain the safe use of hydrogen energy including production, storage, and transportation as well as nuclear plant [8].



The flammability limit is the fuel concentration which can generate minimum combustion heat to continuous flame propagation. If unburned gas flowing into the reaction zone is sufficiently heated by the generated combustion heat, a continuous chemical reaction is possible. However, it is impractical to entirely transfer generated combustion heat to the unburned gas. As the soar of reaction rate with the temperature, the reaction mainly proceeds in a narrow reaction zone and the rapid heat loss rate from the reaction zone to ambient is inevitable in general [9]. There are three heat loss mechanisms in flame propagation; convection, conduction, and radiation. The peak temperature at the end of the reaction zone can be determined by considering the heat loss mechanisms as shown in Equation (1), which are based on a simple one-dimensional planar flame but are very useful for understanding the basic role of heat loss mechanisms. First, the convective heat loss (   q  c o n v    ) can be calculated as the heat transfer rate per unit flame area (Equation (2)). The convection transfers the generated combustion heat to the tube wall. The second heat loss mechanism is the conduction (indirect radiation) of heat (   q  r a d , 1    ) into the burned gas as shown in Equation (3). The negative temperature gradient for conduction is ultimately caused by radiation at the reaction end zone. The unit area is based on the flame front. Finally, the radiative heat loss rate from the reaction zone itself (direct radiation) is calculated by integration (Equation (4)). These one-dimensional heat loss calculations for each mechanism are described in more detail in Refs. [10,11]


   ρ u   S u   [   c p   T u  +  H a   ]  −  ρ u   S u   c p   T f  −  q  l o s s   = 0  



(1)






   q  c o n v   =   h  (   T f  −  T u   )  π D δ   π  D 2  / 4    



(2)






   q  r a d , 1    (   q  c o n d    )  = −  k f     (    d T   d x    )    x =  x f    =  k f   R   ρ u   c p   S u     



(3)






   q  r a d , 2   =  ∫ 0 δ  R   d x  



(4)







When the generated heat cannot cover the sum of the heat to be transferred to unburned gas and the heat to be lost, the reaction zone can be gradually decreased, and ultimately flame extinction can occur. This simple principle of flame extinction becomes more complicated for stretched flames although the hydrodynamic deflagration instabilities can be stabilized by large wavelengths in upward propagating flame with buoyancy force [12]. In stretched flame, the Lewis number effect can dramatically increase the local burning intensity with the stretch rate compared to the theoretical planar flame. On the other hand, the extinction can be caused by a further high stretch rate where the convective residence time is too short to generate a flame (stretch extinction limit) [13].



The objective of this study is to review the historical attempts to predict the flammability limit by understanding these complex flame extinction mechanisms as shown in Figure 2. Existing studies were reviewed by focusing on the lower flammability limit (LFL) in the upward propagating flame. The practical considerations of fire safety dictated that the flammability limits should be determined in the upward flame experiments because limits are wider [14]. Early studies focused on the investigation of the limit hydrogen concentration because the limit concentration is significantly varied depending on the mixture conditions such as temperature, diluent type, and diluent concentration. These experimental studies were introduced in Section 2. The stationary flame experiments to understand the extinction mechanism were also described. In Section 3, numerical methods to predict the flammability limit were introduced. The continued advances in computer performance enabled even multi-dimensional stretched flame analysis following one-dimensional planar flame analysis. The calculation results of hydrocarbon fuels were discussed together to effectively explain the progress of numerical studies. In Section 4, the analytical studies for modeling the flammability limit was introduced. Although there were significant efforts to measure the flammability limit by extensive experimental studies and elaborated numerical simulations, it is still difficult to accurately predict the flammability limit of various hydrogen mixtures. The representative analytical modeling, including adiabatic flame temperature theory and stretch theory considering flow characteristics of upward propagating flame, was discussed in a chronological order.




2. Experimental Studies


2.1. Flame Propagation Experiments to Measure the Flammability Limit


Many flame propagation experiments have been vigorously conducted to understand the flammability characteristics of hydrogen as well as to measure the limit concentration. As a detailed review of studies of hydrogen flammability characteristics are well described in Ref. [12], our focus here is on the introduction of the experiments to measure the limit. Measurement of the flammability limit of combustible gases has been carried out since the 19th century. Coward and Jones summarized the limits observed experimentally for hydrogen gas at normal temperature and pressure until the 1950s, as shown in Table 1 [14]. The measurement results are in good agreement with the currently known LFL concentration (4.1 vol%) at normal conditions. In detail, the observed LFLs in the 2.5 cm diameter tube was slightly higher than the results with a larger diameter tube. Although it was known that the convection effect generating heat loss to the wall decreases as the diameter increases, the changes in LFL by the convection was negligible at above 2 cm diameter [24].



Coward and Jones discussed several experimental parameters as well as the tube diameter which can affect the measurement results. First, the suitable size and intensity of the ignition source are important to measure the reliable limit concentration because the capability of the mixture to propagate flame not the capacity of the energy source is our concern. If the limit concentration was obtained with the excessive ignition energy, it should be considered as the ignitibility limit. The second parameter is the tube length. The traditional experiments recognized the flammability of the mixture when flame propagated to the end of the tube by ignition. Coward and Jones discussed that, provided it is long enough (about 1 m), the tube length has no effect on the observed limit [14]. It was identified that the slight pressure variation accompanied in the measurement process cannot significantly affect the limits of flammability by many experimental results. In conclusion, the standard of Bureau of Mines is known as an open tube with a diameter of 5 cm and a length of 1.5 m. The more detailed descriptions for each parameter can be found in Ref. [14]. Apart from the Bureau of Mines standard, there are several established flammability experimental standards in many countries. Van den Schoor summarized major standard methods for measuring gas flammability as shown in Table 2. The detailed descriptions for these methods can be found in Ref. [31].



Because the flammability limit of hydrogen gas depends on the diluent type as well as other variables, experimental studies have been continuously conducted since the 1950s as summarized in Table 3. Each study has a distinct purpose such as measuring the limit at elevated temperature and pressure or binary fuel condition. The results of these experiments were discussed in the following sections.




2.2. Diluent Effects


Early experiments mainly focused on measuring the limit concentration in various mixture types. As shown in Figure 3, the limits of H2-air-N2 were measured depending on the additional nitrogen concentration. The measurements were made in a 1.8 m length and 5 cm diameter tube with upward propagation. These results are useful for confirming the safety of the energy system when nitrogen was added or part of oxygen was removed in the system [27]. It was identified that the change in LFL with nitrogen concentration was negligible. This trend is acceptable because the air already contains large amounts of nitrogen. Recently, Jeon et al. confirmed that this negligible effect can be understood by analytical modeling of flammability limit considering diluent properties [11,41]. In other experiments, the limit with downward propagation for the same mixture series were measured. The obtained LFLs were 5 to 6 vol% greater than the upward propagation tests. The flammability limits of H2-air-CO2 dependent on carbon dioxide concentrations are also presented in Figure 3. The increase in LFL in the downward propagation was confirmed to be about 5 to 6 vol% as well [27]. As discussed in Section 1, the practical considerations of fire safety dictated that the flammability limits should be determined in the upward flame experiments because limits are wider.



Because the density of helium gas is small enough to be close to hydrogen gas, the diluent effect of helium gas has been investigated especially for the airship environment. Satterly et al. concluded that hydrogen safety can be insured when the hydrogen ratio is less than 26% in hydrogen-helium mixed fuel by experiments with 6.3 diameters of thin rubber balloons [42]. However, Coward and Jones observed that the generation of the weak flame is possible as little as 8.7% of the hydrogen ratio [14]. These different results highlighted the importance of standardized experimental apparatus for determining the flammability limit.



Scott et al. obtained flammability diagrams for the H2-NO-N2O and H2-N2O-air, H2-NO-air as shown in Figure 4 [32]. The flammability limit of hydrogen in mixtures of nitric oxide and nitrous oxide is important in the industrial process involving these oxidants. They also measured the limits when a single oxidant was present with hydrogen gas. As shown in Figure 4, the upper flammability limit (UFL) curves obtained in binary oxidants show a discrepancy with the calculated curves by the Le Chatelier Law using single oxidant results [32]. In addition to this study, the limitation of the Le Chatelier Law has been noticed in UFL prediction rather than LFL.



After the Three Mile Island (TMI) Nuclear Power Plant Unit 2 accident in 1979, the research for flammability limits of hydrogen mixtures that might occur inside nuclear reactor containment during a loss-of-coolant accident has become ever important. The FITS experiment conducted by Sandia National Laboratories (SNL) was one of the representative experiments to resolve these issues. The flammability limits of H2-air-H2O were measured in a 5.6 m3 Fully Instrumented Test site (FITS) vessel. The initial temperature for all experiments was set to approximately 110 °C. In FITS experiments, the flammability limit was determined by detecting the pressure variation in the vessel; (1) if no appreciable pressure was detected (generally much less than 6 kPa, a mixture was classified as a “no-burn”, (2) if the measured overpressure was less than 10% of the AICC pressure, a mixture was classified as a “marginal burn”, (3) if the measured overpressure exceeded 10% of AICC pressure, a mixture was classified as a “burn”. With this definition, many iterative experiments were performed and the diluent limit concentration of steam was derived in Equation (5) [35]. Although the hydrogen mixtures containing steam have a higher initial temperature, the measured LFL is higher than the H2-air mixture at normal temperature. The reason for this rise can be understood by increased thermal radiation rate by steam, which is classified as a radiating species [41,43]. Kumar et al. also measured the flammability limit H2-air-H2O by the standard of the Bureau of Mine [44]. The individual experimental results were gathered and displayed in charts, as widely known Shapiro diagram as shown in Figure 5. Bentaib et al. noted that the Shapiro diagram is a general method to determine whether the mixture is flammable in nuclear accident analysis [17].


   % Steam  = 100 −    % H   2  − 37.3   ×    10  − 0.007 ·    % H   2    − 518.0   ×    10  − 0.488 ·    % H   2     



(5)







Many previous studies have evaluated the hydrogen risk of nuclear power plants using these experimental flammability limit results. It was noted that the MAAP code, a representative nuclear reactor accident analysis code developed by Fauske and Associates, still relies on FITS experimental results to date [45]. The MELCOR code, which is the severe accident simulation code developed by SNL [46], also evaluates the hydrogen risk of nuclear reactor containment by relying on experimental results. Recently, Choi et al. analyzed the efficacy of hydrogen mitigation measures of CANDU NPP under the loss of coolant accident (LOCA) using MELCOR code. The flammability of hydrogen was evaluated by using the Shapiro diagram [47]. From Kumar’s experimental results, Byun et al. analyzed hydrogen risk in the nuclear reactor during a severe accident scenario by the GOTHIC code. Equations (6) and (7) show the derived LFL empirical correlation for upward and downward propagating in their analysis. In addition, there is a limiting steam concentration where no combustion occurs regardless of hydrogen concentration. The inerting limit is given by Equation (8) [48]. The computational analyses which evaluated the hydrogen risk by relying on the empirical flammability limit correlation are not limited to the nuclear reactor system codes. Martin-Valdepenas et al. predicted the hydrogen combustion behavior using a commercial computational fluid dynamics (CFD) code. The empirical correlation similar to Equations (6) and (7) was used to predict the flammability limit at each grid of the computational domain. If the mixture reached the flammability limit, the combustion would occur at the corresponding node in their simulation [49]. Jeon et al. analyzed the hydrogen behavior in the steam generator compartment in the pipe rupture scenario by CFD code. They also predicted the hydrogen flammability in the compartment using Kumar’s experimental data [50].
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2.3. Elevated Temperature and Pressure


Since the hydrogen mixtures in elevated temperature and elevated pressure can exist under accident conditions, these extreme mixture conditions have been explored by many researchers. Shebeko et al. measured the limit of hydrogen mixtures at elevated temperatures (up to 250 °C) and pressures (up to 40 bar) [37]. It was identified that the flammability range was widened for all measured mixtures as the initial temperature increased. This is because the higher the initial temperature, the less thermal energy is required to reach the threshold flame temperature for flame propagation. Hustad and Soju measured the LFL of H2-air mixtures at temperatures up to 450 °C. They also observed that the LFL of each gas linearly decreased with temperature increase in the tested mixtures [36]. These results suggested that linear LFL prediction was possible under diluent-free conditions. Ale also measured the variation of LFL at elevated temperatures [38]. Unlike the temperature as an affecting variable, the pressure exhibits a more complicated dependence on the limit because the pressure has distinctive effects on reaction rate depending on each chemical reaction. Figure 6 shows the measured flammability of H2-O2-N2 mixtures at elevated pressure from 6 to 40 bar by Shebeko et al. The LFL at the same initial pressure was almost constant for nitrogen concentration but the LFL increased until the initial pressure increased to 30 bar. The measured LFLs at 30 and 40 bar were almost identical. In all the mixture studied by Shebeko et al. except H2-air-steam, the flammable region was slightly narrowed with increasing pressure until a certain pressure. Only in the H2-air-steam mixture, the noticeable pressure dependence on flammability limit was not observed until 40 bars [37].



Law explained the higher LFL at elevated pressure as the dominant effect of the three-body termination reaction. In other words, the significance of pressure is not on thermal effects but kinetic effects. As the pressure increases, the importance of the dominant three-body termination reaction over the dominant two-body branching reaction becomes pronounced, increasing the lean limit [43]. The complex effect of pressure increase on chemical reactions in hydrogen combustion was more detailed in Ref. [51]. Liu and Zhang investigated the influence of initial temperature and pressure on the flammability limit of H2-air mixtures. They confirmed that the decrement of LFL as the initial temperature increased from 20 to 90 °C was less than 1% in all pressure cases (1–4 bars) [39]. As shown in Equations (5)–(8), it is impractical to predict the flammability limit of numerous mixture conditions, which depends on many variables including temperature, pressure, and diluent type, by simple empirical correlation. Developing a robust model to predict the hydrogen flammability limits considering the multiple variables is a remaining task.




2.4. Binary Fuels and Diluents


In accident conditions, a possibility exists that a hydrogen mixture containing binary fuels or diluents coexists. Shebeko et al. investigated the dilution effect on the LFL of a mixed diluent such as H2-O2-He-H2O and H2-air-He-CO2. Figure 7 shows the measured LFL of H2-O2-He-H2O mixtures. The total diluent concentration was maintained at 75 vol%, and only the ratio of steam and helium was changed. It should be noted that the LFL concentration was the highest when helium and steam had a certain ratio. In the traditional combustion risk method of the Shapiro diagram, the flammability limits were predicted through the sum of diluent concentration regardless of mixed type (Figure 5). The noticeable changes in LFL according to the diluent ratio (Figure 7) can significantly affect the hydrogen risk during accident scenarios. In other words, it is still necessary to develop an analytical model that can thoroughly reflect these individual diluent characteristics in mixed diluent conditions.



In nuclear reactor accidents followed by severe core damage, the molten corium can be released outside the reactor vessel. If the molten corium-concrete interaction (MCCI) occurs at the reactor cavity, carbon monoxide will be generated with non-condensable gases [52]. Since carbon monoxide is also classified as a combustible gas, H2/CO binary fuel mixtures can exist inside the containment building. Safety concerns about binary fuel mixture are open issues in other industries as well. Recently, Baird et al. investigated 49 failure events leading to runway in battery industries. It was noted that most failure events emitted not only hydrogen but also carbon monoxide gases [53]. For this reason, many previous studies have investigated the flammability limits in binary fuel mixtures. Wierzba et al. measured the flammability limits of different H2-CO-air mixtures over a wide range of compositions and initial temperature up to 300  ℃  in a stainless-steel test tube apparatus similar to the standard of the Bureau of Mines. Experimental results showed that LFLs of H2-CO-air mixtures obeyed by Le Chatelier Law over the entire range of tested temperature as shown in Figure 8. However, UFLs deviated very significantly from the calculated values using this law [7].



The effect of steam concentration on the flammability limit of H2/CO fuel was also experimentally investigated by Wierzba et al. They noted that the analytical model based on the constant adiabatic flame temperature concept discussed in Section 4.1 has less accuracy for the LFL prediction [7]. For this reason, Kim et al. developed a methodology for LFL evaluation of H2/CO binary fuel mixtures characterized by three factors as discussed in Section 4.2 [54]. As shown in Table 4, many other studies to obtain the flammability limit of H2/CO binary fuel mixtures have been conducted. Wang et al. and Grune et al. measured LFLs with the criterion of 3% and 5% pressure increase, respectively. The detailed descriptions for these studies can be found in Ref. [55,56].



Van den Schoor investigated the UFLs of H2-CH4-air. He observed that the UFL increased linearly with increasing initial temperature for initial pressures up to 6 bars. The slope of this linear function was not constant but increased with initial pressure [31]. Hernandez-Perez et al. also measured the flammability limit of H2-CH4-air mixtures in flame propagation experiments. However, they determined the limit by a stabilized flame experiment with a cylindrical burner, not an upward propagating flame tube. The flame can be stabilized in a cylindrical burner, which has a sapphire tube with a 30 mm height, 13.5 mm internal diameter, and 1 mm wall thickness, by the downward flow of premixed reactants [18]. The experimental setup was described in detail in Ref. [58]. It was seen that a nearly-spherical shape of the reacting front was developed as the LFL was approached [18]. Recently, Zhou et al. investigated the validity of the experiment technique, stabilized flame method with the downward flow by measuring the LFL of H2-air, CH4-air, and H2-CH4-air mixtures. As similar to results from Hernandez-Perez et al., a transition regime from the cell-like flame to the nearly ball-like flame was observed by decreasing fuel concentration in H2-air and H2-CH4-air mixtures. The LFL of the H2-air mixture was evaluated to be about 3.6 vol% (  φ = 0.09  ), which is quite similar to tube experiments (4.1 vol%) [22]. The stabilized flame experiments seem to enable the reduction in flow uncertainty which is the main cause of experimental errors in tube experiments.




2.5. Flame Ball and Counterflow Flame


The previous sections introduced the flame propagation experiments to measure the flammability limit of hydrogen mixtures. Investigating the physical background which results in the existence of the flammability limit by experimental observation is as important as measuring the limit concentration. Although the tube experiments where the flame propagates through the tube was useful to determine the limit concentration, there were obvious limitations in observing propagating flames to investigate the detailed effect of each mechanism. For this reason, many previous studies have attempted to generate a stabilized flame through specific apparatuses and to analyze the structure of generated flames. In this paper, the representative stabilized flame method, flame ball and counterflow flame experiments were briefly reviewed.



50 years ago, Zeldovich suggested that stationary spherical flame balls can be investigated by solving mass, energy, and species conservation equations [59]. Figure 9 shows the configuration of the flame ball concept. The stabilized flame ball is fueled by diffusion flux (inward arrows) while maintaining a constant diameter. Conversely, the generated products and combustion heat diffused to ambient (outward arrows). The flame ball concept enabled us to thoroughly investigate the effects of thermal radiation on the flammability limit without being affected by buoyant convection. As discussed in Ref. [60], the zero-fluid velocity everywhere is required for mass conservation of stationary flame ball. The temperature and species mass fraction have a profile of the spherical from    c 1  +  c 2  / r  , where    c 1    and    c 2    are constants. It was noted that corresponding solutions in planar (   c 1  +  c 2  r  ) and cylindrical geometry (   c 1  +  c 2  ln  ( r )   ) cannot exist because the solutions are unbounded as   r → ∞     [60].



Although the solution of the stationary flame ball was theoretically predicted, early studies doubted the existence of a physically observable flame ball. However, in the 1990s, apparently stable flame balls were observed in hydrogen mixtures (low-  L e  ) at   μ g   experimental conditions [61]. The experimental apparatus consists of a constant volume cylindrical combustion vessel 25 cm in diameter and 25 cm in length. Microgravity was obtained during 2.2 s of free-fall in a drop tower. The detailed descriptions of the experimental apparatus and procedures can be found in Ref. [62]. The observed lean hydrogen flames are characterized by having a definite cellular structure. The unequal rates of diffusion of thermal energy and mass in sufficiently low-  L e   is known to lead to the spontaneous formation of cellular flame structure (diffusive-thermal instability). These theoretical predictions agree well with experimental investigations [63,64]. In particular, the role of   L e   on the spontaneous formation of cellular structures was verified [61]. At concentrations much greater than the flammability limit, expanding spherical fronts composed of many individual cells were observed. At limit condition, individual cells formed early moved far from the ignition source at increasing spacing. As the thermal and mass transfer between the cells is difficult to occur due to long-distance, they do not split evenly. Sequential photographs of flame balls and cellular flames can be seen in Ref. [61].



In flame ball experiments, the flammability limit can be defined as a concentration in which no more self-sustaining steady flames are generated [61]. However, it was difficult to precisely evaluate the limit due to the short available duration of   μ g   condition. A rough estimation of the LFL is 5% H2 in the air with 0.4 CF3Br. CF3Br was added to the gas mixture for visualization of the flame structure. Since the analysis of stabilized flame ball corresponds to a low gravity environment, it is difficult to predict the exact LFL in general except possibly in a spacecraft environment. An essential difference between propagating flames and flame balls is that propagating flames are considerably affected by advection whereas flame balls have purely diffusive zones. Nevertheless, the flame ball experiments allowed methods of flame analysis using analytical or numerical analysis as well as an in-depth evaluation of the radiation effect on hydrogen flammability limit. The more detailed characteristics of the flame ball can be found in Ref. [12,60].



The counterflow experiment is also one of the representative methods of generating stationary premixed flame. As shown in Figure 10, two impinging cylindrical jets with uniform velocity and the same composition can generate the stabilized twin flames [65]. In Liu et al.’s experiment, symmetry premixed flames can be generated at a position where the axial velocity of the preheat zone is approximately equal to the laminar burning velocity. It means that the location of the symmetry flames can be controlled by changing fuel concentration, jet velocities, and the distance between the burners [65]. The more detailed experimental procedures were described in Ref. [65]. Because the control of experimental variables is favorable in the counterflow flame experiments, previous studies provided a detailed analysis of extinction conditions by this experimental method [66,67,68,69].



As discussed above, the stationary flame ball analysis in the absence of buoyant convection showed that the radiation dominantly led to the flammability limit at a low stretch rate. However, counterflow flame studies have highlighted the importance of flame stretch rate to understand flame extinction [70]. Equation (9) shows a general definition of flame stretch rate, as a time derivative of flame surface area  A , given by Karlovitz [71]. The stretch rate can be calculated as a combination of the flame surface curvature  κ  and the hydrodynamic strain    Κ S    [72] (Equation (10))    S L    is the laminar burning velocity and  κ  is equal to the divergence of the unit normal vector of a flame iso-surface   ∇ · n  .


  Κ =  1 A    d A   d t    



(9)






  Κ =  S L  κ +  Κ S   



(10)







As Giannakopoulos noted, a stationary flame ball having   κ = − 2 / R ,    Κ S  = 2  S L  / R   experiences no stretch. In contrast, an outwardly propagating spherically-symmetric flame is stretched and the stretch rate   Κ = 2  R ˙  / R  . A stationary cylindrically flame (Section 3.1), which is being analyzed recently to elucidate the extinction mechanism under the conditions closest to the actual upward propagating flames, also experience the local flame stretch rate as shown in Equation (11) [13].


  Κ =   d  v t    d L   +    v t  c o s θ  R   



(11)







The counterflow experiment can provide a well-characterized stretch rate on the flame by burner inlet condition. Platt and Tien numerically investigated the counterflow flame at a low stretch rate and confirmed that the radiation extinction limit also existed [73]. On the other hand, other counterflow experiments revealed that methane flame extinction can occur only by increasing the stretch rate (stretch extinction limit) [74]. It means that the counterflow experiments enabled the investigation of the combined effect of radiation heat loss and stretch on flame extinction/flammability limit. It is of interest that flame extinction at a low stretch rate is caused by radiation but extinction at an elevated stretch rate is attributed to the effect of the stretch itself [75]. The elevated stretch rate can quench the flame due to stretch-induced incomplete combustion. In more detail, the flame pushed towards the stagnation plane by further increases of stretch rate has a reduced residence time and cannot complete chemical reaction.



Previous experimental works suggested that the flame extinction due to elevated stretch rate also can occur in upward propagating flames. Jarosinski et al. observed that the extinction of upward propagating methane flames began at the flame tip [76]. Shoshin et al. identified that the outflow rate of combustion products from the reaction zone was reduced at the flame tip. They concluded that the higher stretch rate caused a stagnation zone below the flame tip and hence extinction of lean limit methane flames occurred [77]. Because the preferential diffusion (Lewis number effect) characterized by the Lewis number can enhance the burning intensity with increased stretch rate, the extinction mechanism is dependent on mixture types. In hydrogen flames, the recirculation-based extinction mechanism was recently proposed by Jeon et al. Although the final extinction occurs at the flame tip having the highest stretch rate, the primary extinction at the trailing edge is important to understand the hydrogen flame extinction process [41].





3. Numerical Studies


The previous section showed that extensive experimental studies have been conducted to measure the flammability limit and clarify the physical background of the existence of the limit concentration. Although various hydrogen mixtures were tested by these experimental studies, numerical studies have been actively investigated near limit flames since the 1990s. To depict detailed flame structure by numerical simulation, not only fluid dynamics but also chemical kinetics should be solved simultaneously for each small grid. For this reason, early studies mainly focused on the experimental observation in Section 2 and the analytical modeling in Section 4. However, the continued advances in computer performance enabled even multi-dimensional stretched flame analysis following one-dimensional planar flame analysis. Furthermore, feasible chemical kinetic schemes have been developed considering the computing cost. A seven-step scheme with four irreversible reactions and three reversible reactions is shown to provide good predictions of lean hydrogen flame burning velocities [21]. Subsequently, Fernandez-Galisteo et al. derived an explicit expression of the one-step reaction for the non-Arrhenius rate from the seven-step detailed mechanism [78]. Recent numerical studies predicting the flammable range of several hydrogen carbons using chemical kinetics highlighted the importance of the reaction mechanism to simulate the lean flame [79]. The current numerical calculation can include detailed chemical kinetic schemes like the so-called San Diego mechanism for hydrogen oxidation (Table 5) [80].



There are several main motivations in conducting numerical studies. First, the numerical simulation can provide the microscopic flame analysis because it solves mass, momentum, energy, and species equations in each grid. Major mechanisms causing the flame extinction such as thermal radiation and flame stretch occur at a significantly thin flame front, making it quite difficult to observe with experiments. In the numerical simulation, it is feasible to quantitatively evaluate the effect of each mechanism on the flammability limit through the correction of the corresponding model. For example, Lakshimisha simulated steadily propagating CH4-air flames with and without the radiation model by one-dimensional planar flame. It was confirmed that the adiabatic flame can steadily propagate at a concentration lower than the limit concentration in the non-adiabatic flame [81]. Second, numerical studies are needed to verify the experimental observation. It is difficult to completely control the initial and boundary conditions in the experiment, hence comparisons of numerical and experimental observations are essential. For example, Ju et al. compared axial temperature profiles in counterflow flame between experiment and numerical results to mutually verify each result [70]. Undoubtedly, the reduced physical constraints to measure the flammability also encouraged the numerical studies for further various hydrogen mixtures. Recently, Bertolino et al. predicted the flammable range for various fuel types including methane, ethane, propane by numerical simulation [79]. Although uncertainty with some models like the gas diffusion model remained, the accuracy of predicting flammability limit increased as it becomes possible to depict even stretched propagating flame, not planar flame. There are many historical attempts to develop a computational scheme for observation of propagating limit flames. Since a detailed review of these schemes is beyond the scope of this paper, relevant progress was briefly described with the recent representative results in the following sections.



3.1. Propagating Flame Simulations


In the early days, the numerical simulation solving one-dimensional planar flame contributed to deepening the understanding of the flammability limit as shown in Table 6.



Lakshimisha et al.’s work is a representative numerical study that investigated the flammability limit through a planar flame analysis. Previous studies before their work, including studies by Gerstein and Stine [88], predicted flame behavior by using single step kinetics. As Lakshimisha et al. noticed that there were few numerical studies considering both detailed chemistry and heat loss mechanism, they simulated one-dimensional, planar, premixed, non-adiabatic CH4-air flames with detailed chemistry. The calculation of detailed chemistry was made with the kinetic schemes of Tsatsaronis et al. and Warnatz et al. [89,90]. They calculated differential equations where the heat loss term is added to the energy equation as shown in Equation (12).    h i    is the enthalpy at  i -th species (  =  h i 0  + ∫  c  p , i   d T  ).    j i    is the diffusional mass flux at  i -th species (  = ρ  D i  ∂  Y i  / ∂ x +  Y i  ∑ ρ  D j  ∂  Y j  / ∂ x  ).     q ˙  L    is the volumetric rate of heat loss from the gas to the ambiance as shown in Equation (13). They assumed that viscous effects and body force could be ignored and hence the momentum equation was not calculated. This approach is useful in near limit flames with negligible pressure change. Equations (14) and (15) show the corresponding boundary conditions at fresh unburned gas (  ψ → + ∞  ) and burned gas far from the reaction zone (  ψ → − ∞  ).


    ∂ H   ∂ t   =  ∂  ∂ ψ    (    λ ρ    C p      ∂ H   ∂ ψ    )  −  ∑  i = 1    N s     ∂  ∂ ψ    [   h i   (   J i  +   λ ρ    C p      ∂  Y i    ∂ ψ    )   ]  −     q ˙  L   ρ   



(12)






    q ˙  L  = 4   a ¯  p  σ  (   T 4  −  T u 4   )   



(13)






    ∂  Y i    ∂ ψ   → 0 ,     ∂ T   ∂ ψ   → 0   a t   ψ → − ∞  



(14)






   Y i  →  Y  i n   ,   T →  T u    a t   ψ → + ∞  



(15)







Figure 11 shows the calculated flame temperature and flame speed in a steady state. It was noted that a steady propagation was observed for all lean mixture when heat loss term is not included. On the contrary, in heat loss conditions the steady propagation could not be observed below the certain methane concentration. They suggested that the predicted flammability limit with radiation showed good agreement with the zero-gravity experimental results. Since the buoyance force was not considered, the agreement between this calculation and zero-gravity experiments having a low stretch rate was deemed acceptable. In addition, a heat loss factor as the ratio of actual heat loss to the amount calculated by Equation (13) was defined. They investigated the effect of additional heat loss in the actual experimental process on the flammability limit. It was confirmed that the limit concentration increased with the heat loss factor [81].



The prediction of the flammability limit by using a one-dimensional planar flame was also actively carried out in hydrogen mixtures. Giovangigli et al. solved the governing equations for simulating a steady, one-dimensional, isobaric flame as shown in Equations (16)–(19). These governing equations included the mass burning rate, which is an eigenvalue of the problem. The turning point solution of the mass burning rate   m ˙   could be obtained by using a standard pseudo-arclength continuation procedure. The solution methods combined a phase-space, Newton-like iteration, and global adaptive gridding as detailed in Refs. [82,91]. Turning points usually classify the stable solution from the unstable ones assuming that there is no Hopf bifurcation. A detailed chemical mechanism with 19 reactions and 9 species was used in their calculation. They suggested that the flammability for planar adiabatic flame was shown to be physically irrelevant points as the flame was thickened in finite-length computational domains. In the H2-air mixture at normal conditions, the LFL occurred at   φ = 0.197   (7.6 vol%) and the UFL was at   φ = 11.33   (82.6 vol%). However, the artificial turning point was shown to be dependent on the computational domain length. It was identified that the flammable range was widened as the length increased [82]. It was confirmed that the planar flame analysis had difficulty in predicting the limit concentration in upward propagating hydrogen flames.


   m ˙  = ρ v = constant  



(16)






   m ˙    d  Y k    d x   = −  d  d x    (  ρ  Y k   V k   )  +   w ˙  k   W k   
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   m ˙   c p    d T   d x   =  d  d x    (  λ   d T   d x    )  −  ∑  k = 1  K  ρ  Y k   V k   c  p , k     d T   d x   −  ∑  k = 1  K    w ˙  k   h k   W k     
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  ρ =   p  W ¯    R T    



(19)







Law et al. also evaluated the flammability limit of CH4-air at the turning point. As different to Giovangigli et al.’s work [82], the radiative heat loss from H2O, CO2, CO, and CH4 was included by assuming that the flames of interest were optically thin. Compared with the experimental results (5.4 vol%), the predicted LFL (4.9 vol%) with the non-adiabatic condition agreed better than the predicted value by Giovangigli et al. (3.2 vol%) [43]. In addition, they introduced the kinetic criterion based on the response of the flammability exponent  α  to the concentration variations. The exponent was defined in Equation (20).    w b    is the maximum rate of the branching reaction and    w T    is the termination reaction rate at the location of the maximum branching reaction. They suggested that   α = 1   could be identified as the incipient state where the termination reaction started to dominantly determine the overall reaction rate. They concluded that gas flammability limits could be conservatively predicted by the chain limits for the adiabatic flames if radiative heat loss was not massive. The detailed descriptions can be found in Ref. [43].


  α  ( φ )  = ∂  (  ln  w T   )  / ∂  (  ln  w B   )   



(20)







Until recently, studies on predicting LFL of various combustible gases by using planar flame have been actively conducted [79]. Although one-dimensional planar flame analysis is very useful for investigating the effects of heat loss and chemical kinetics during flame propagation, it is difficult to depict the characteristics of upward propagating flame by buoyancy force. Shoshin et al. noted that the conduction (indirect radiation) mechanism from the flame to burned gas was significantly affected by the flow pattern near the flame [77]. In addition, the stretch effect should be considered for predicting the flammability of mixtures having non-unity Le. The observed methane flame extinction at the flame tip in methane flames can be understood by the stretch extinction limit [13]. On the other hand, the stretched flame tip in hydrogen mixtures (  L e ≪ 1  ) leads to an increase of burning intensity due to the preferential diffusion effect [16]. For this reason, many studies simulated multi-dimensional stretched flames to understand the flammability limit under conditions favorable for matching the actual flames.



Zhou et al. observed the lean limit flames stabilized inside a 13.5 mm tube in a downward flow for premixed H2-air, CH4-air, and H2-CH4-air mixtures [16]. The flames under both laminar and axisymmetric conditions were numerically depicted by conservation equations for mass, momentum, and species in a cylindrical coordinate as shown in Equations (21)–(25) [18]. Unlike the above planar flame simulation, the momentum equation was solved with other conservation equations without calculating the eigenvalue of the flame speed (Equations (22) and (23)). A Newtonian flow was assumed and the mixture was treated as an ideal gas. They computed thermodynamic data and species net production/reduction rate by the CANTERA library [16]. They described that the stabilized flame burns in almost the same conditions as the one propagating upward in the tube and it allowed more detailed observations.


    ∂ ρ   ∂ t   +   ∂  (  ρ  u r   )    ∂ r   +   ∂  (  ρ  u z   )    ∂ z   = −   ρ  u r   r   
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    ∂  (  ρ  u r   )    ∂ t   +   ∂  (  ρ  u r 2  + p  )    ∂ r   +   ∂  (  ρ  u r   u z   )    ∂ z   =   ∂  τ  r r     ∂ r   +   ∂  τ  r z     ∂ z   +    τ  r r   −  τ   θ θ    − ρ  u r 2   r   
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    ∂  (  ρ  Y α   )    ∂ t   +   ∂  [  ρ  Y α   (   u r  +  V  α , x    )   ]    ∂ r   +   ∂  [  ρ  Y α  (  u z  +  V  α , z    ]    ∂ z   = −   ρ  Y α   (   u r  +  V  α , r    )   r  +   ω ˙  α   
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Figure 12 shows the simulated distribution of chemical heat release rates and streamlines as the fuel equivalence ratio is reduced. In CH4-air flames generated at the 13.5 mm tube, cell-like flames were maintained until flame extinction occurred. By decreasing the equivalence ratio, the flame became narrower and the flame trailing edge became brighter. Due to the weakness of preferential diffusion in CH4-air flames (  L e ~ 1  ), the extinction occurred at the flame tip. On the contrary, a transition regime from the cell-like flame to the nearly ball-like flame was observed by decreasing fuel concentration in H2-air [22]. The trailing edge became shorter and eventually merged with the flame tip (flame extinction). It means that the primary extinction occurred at the trailing edge because the burning intensity at the flame tip could be effectively enhanced by strong preferential diffusion in H2-air flames (  L e ≪ 1  ). Previous studies suggested that the enhancement of the local burning intensity at the flame tip compensated the cooling effect of the counterflowing combustion products [16,92]. We agree with this conclusion and believe that this distinct extinction process could be the main reason why a different approach was needed to analytically predict the flammability limit of methane and hydrogen. In other words, the heat loss effect on the trailing edge becomes crucial in the determination of hydrogen limit concentration. If the flame skirt length is shortened enough by the primary extinction, the enhanced recirculation flow is generated. Vigorous studies on flow characteristics near the hydrogen flames should be conducted to elucidate the extinction mechanism in future studies.



Figure 13 shows the experimental chemiluminescence distributions by Zhou et al. for comparison with the numerical results. It was confirmed that the experimental results were well comparable with the prediction of the flame structure by numerical simulation. The transition of cell-like flame to the ball-like flame was observed only in H2-air and H2-CH4-air flames as in the numerical prediction [22].



The accuracy of these numerical analysis needs to be verified quantitatively. Table 7 shows the predicted LFLs according to the computational analysis method. In CH4-air flame, the flammability limit was reasonably predicted even by 1D flat flame as well as 2D stretched flame [22]. It was consistent with the previous studies which well predicted the LFL of methane by 1D planar flame analysis. In hydrogen flame, it is interesting that the obtained limit concentration was much closer to the experimental results in stretched flame than flat flame. This is because preferential diffusion effects greatly increased the local burning intensity at the flame tip in the small Lewis number mixture. Because the H2-CH4-air mixture contained hydrogen gas, it showed a similar trend of prediction.



As a result, it was confirmed that the flammability limit was predicted more accurately by elaborated multi-dimensional numerical analysis. However, this accuracy needs to be verified for mixtures containing various diluents as well as a pure fuel mixture. Our recent simulations identified that the error became larger when the light diluent gas, having high mass diffusivity closer to hydrogen, was included in the mixture. This discrepancy may be caused by transport models as well as the uncertainties of the chemical kinetics and radiation calculation as remarked in other studies [22]. Especially, Dong et al. noted that notable discrepancies occurred between experiments and simulation by using kinetic mechanisms. The sensitivity of diffusion coefficients to the extinction response was found to be significant [93]. This uncertainty problem for each model could be a remaining issue to resolve.




3.2. Stationary Flame Ball


As discussed in Section 2, many experimental studies observed flame structure using specific apparatuses other than the standard tube. Although the generated stationary flame with these apparatuses cannot fully be depicted upward propagating flame, the separate effect analysis for each mechanism is more feasible. Due to this advantage, these stationary flames also have been investigated by numerical simulations. First, the stationary flame ball can be simulated by the integration of the convection-free energy and species conservation equations as described in Ref. [20,94,95]. This calculation includes detailed descriptions for transport, chemistry, and radiation.



Recently, Fernandez-Tarrzao et al. calculated the peak flame temperature of the generated flame ball dependent on fuel equivalence ratio as shown in Figure 14. They also compare the results depending on the presence of a detailed chemistry model as well as a detailed radiation model. The selected detailed chemistry was the San Diego mechanism (Table 5) [80]. The statistical narrow band (SNB) model includes both emission and absorption of thermal radiation with the discrete ordinate (DO) method. On the contrary, the optically thin approximation only calculated the emission of radiation. Because of the significant small flame thickness at the lean limit flame, the assumption of optically thin conditions was justified by referring to Hottel’s charts [96]. Similar to the analytical study of Spading [97], all methods show both unstable and stable brunch. If unsteady effects in defining the limit concentration for flame-ball existence were neglected, the turning point can be evaluated as the flammability limit. Based on the results with the SNB radiation model and 21-step chemical scheme, the turning point of the flame ball was 0.0735 (3 vol%) in the absence of steam. The predicted concentrations in the presence of steam were also lower than the experimental results for upward flame because the analysis of stationary flame ball corresponds to a zero-gravity environment.




3.3. Counterflow Flame


The computational analysis to investigate the gas flammability was also actively conducted for counterflow flame. Ju et al. investigated the extinction/flammability limit of stretched premixed CH4-air mixture by numerical simulation of the counterflow flame. In their work, the governing equation was based on the stagnation point flow approximation [98,99]. It solved the axisymmetric premixed flame and the one half of the domain was simulated due to the symmetry of the twin flame. As discussed in Section 2.5, the CH4-air mixture has a Lewis number less than but close to unity. Thus, a moderate stretch will strengthen the flame by preferential diffusion effect but a large stretch can quench it by incomplete combustion. For this reason, a moderate stretch rate enhances the combustion and makes the flame stable at a lower concentration compared to the measured limit by tube experiments [70]. The generating stable flame below the flammability limit was also observed by experimental counterflow studies. It was identified that the flame extinction occurred at 5.0 vol% of methane concentration which was slightly smaller than the measured limit concentration in tube experiments [65].



However, it seems difficult to understand the extinction process of propagating flame by the existence of stretch extinction limit in lean hydrogen flames. The lean hydrogen mixture has a Lewis number much smaller than unity. The increased burning intensity in stretched flame was much greater than a methane flame due to the increased unequal rates of diffusion of thermal energy and mass (preferential diffusion effect). For this reason, it seems hard to observe the immediate flame quenching by the elevated stretch rate in lean hydrogen flame generally. These different characteristics of hydrogen flames compared to methane flames are remarkable in studies by Lee et al. [92]. They investigated the effects of stretch and preferential diffusion on the structure and extinction of H2-air premixed flames by numerical simulation. Figure 15 shows the effect of stretch on various losses for lean H2-air flame   φ = 0.3  . The total loss ratio was defined as the ratio of    T  a d   − T  (  y = 0  )    to    T  a d   −  T ∞   . The total gain initially increases through preferential diffusion. Although the total gain then slowly decreased by an increase in reaction incompleteness, it was still positive until the stretch rate approached to 3000/s [92]. The different extinction process of methane and hydrogen flame discussed in Section 3.1 would be related to the different trends in the total loss ratio as the stretch rate increases. It should be noted that, in lean CH4-air mixture, the stretch extinction limit was predicted to occur at a stretch rate of around 100/s [70].





4. Analytical Studies


As discussed in Section 2 and Section 3, there were significant efforts to investigate the flammability characteristics of hydrogen gas as well as to measure the flammability limit in various configurations. In experimental studies, vigorous experiments made it possible to develop the Shapiro diagram which was a practical tool for a safe energy system [17,35]. Flame ball and counterflow experiments provided a successful understanding of energy balance and stretch effect in lean limit flames [23,70]. In numerically, studies on reducing chemical kinetics made it possible to simulate the multi-dimensional flame propagation [16,78]. However, it is still difficult to accurately predict the flammability limit of hydrogen gases by recent numerical simulations. Recent studies identified that significant discrepancies between the numerical and experimental results can exist depending on the diluent type. This discrepancy may be caused by the uncertainties of the binary diffusion coefficients and radiation calculation as well as the reduced chemical kinetics. It is also impossible to measure the flammability limit of all hydrogen mixtures since there are numerous conditions including temperature, diluent type, diluent concentration. Furthermore, special attention was paid to the specific extinction condition in each devised apparatus, which can lose the generality of the measurement. For this reason, the analytical studies to find a method having a universal application for predicting hydrogen flammability have been actively conducted. In this section, these analytical studies were discussed.



4.1. Systemic Combustion Analysis


Many analytical studies have been conducted for simplifying the combustion process on a systematic scale to develop a useful LFL prediction method. They focused on getting insight from the ideal homogeneous flame where the heat transfer between the burned gas and unburned gas was neglected. Although these systematic analyses are difficult to consider the observed flame nature and detailed chemical kinetics, it allows effective estimation of LFL for extensive mixtures. The representative systematic analysis is the concept of calculated adiabatic flame temperature (CAFT) proposed by Egerton and Zabetakis [100,101]. They suggested that the adiabatic flame temperature at the flammability limit can be considered as approximately constant. The adiabatic flame temperature can be calculated by systematic energy balance as shown in Equation (26). In adiabatic processes, the heat produced during the exothermic chemical reaction is transferred only to the products, and the temperature of the products increases, where   Δ  H  f , i  0    is the formation of enthalpy and    T  r e f     is the reference temperature, 298 K.     c ¯   p , i     is the average specific heat. Macek confirmed that the adiabatic flame temperatures for lean limit mixtures in air clusters near 1500 or 1600 K for many hydrocarbon type fuels as shown in Table 8 [102]. The lean limit condition was based on the upward flame propagation at normal temperature and pressure. According to Arrhenius theory, the peak flame temperature occurring at the flame front determines the combustion heat rate. If the heat generated by combustion cannot overcome the heat loss, the flame does not propagate continuously, and consequently, flame extinction occurs. The threshold peak temperature is the temperature at which the minimum amount of combustion heat is generated for propagation. The previous studies remarked that peak temperature was proportional to the CAFT, and therefore the LFL concentration reaching the threshold peak temperature can be predicted by calculating the adiabatic temperature [103,104,105].


   ∑  r e a c t a n t s    n i   [  Δ  H  f , i  0  +   c ¯   p , i    (   T i  −  T  r e f    )   ]  −  ∑  p r o d u c t s    n i   [  Δ  H  f , i  0  +   c ¯   p , i    (   T  C A F T   −  T  r e f    )   ]  = 0  



(26)







Mashuga and Crowl proposed a method to predict the flammable zone considering diluent concentration using the CAFT. They confirmed that the flammable zone determined by the CAFT criterion 1200 K compared well over the experimental results for pure methane and ethylene although the reliability of the method was not maintained for a 50/50 mixture of methane and ethylene. They also suggested that the one possible reason with reasonable accuracy of the CAFT approach was linked to the reaction mechanisms of carbon monoxide. In hydrocarbon type fuels, CO is the primary product formed in substantial amounts. Conversion of CO to CO2 comes only after all the fuel and fragments are converted. It means that a reaction in Equation (27) did not begin appreciably until above 1100 K and is self-sustaining around 1400 K. Since this highly exothermic reaction controls a sizable amount of the flam energy, its limiting temperature will control the overall flammable characteristics [106]. Razus et al. also investigated the utilization of CAFT to predict the flammability limit of methane. As different to Mashuga and Crowl, they focused on the LFL concentration depending on the diluent concentration. It was identified that the CAFT at LFL was maintained relatively constant until the nitrogen concentration was 40% and then the temperature increases as the concentration further increases. Given that the increase was at around 10%, the LFL prediction through the CAFT approach was still valid. They also described a new method to estimate the limiting oxygen concentration (LOC) of fuel-air-inert premixed systems using the CAFT approach [107].


  CO + OH →   CO  2  + H  



(27)







The adiabatic flame temperature approach to predict the LFL of hydrocarbon type fuel was further extended by Vidal et al. They calculated the adiabatic flame temperature using a computer code for equilibrium products of hydrocarbon-air combustion. The average adiabatic flame temperature at the flammability limit was obtained for each family group of chemicals. The paraffinic group including methane and propane has an average adiabatic temperature of 1590 K and the unsaturated group including ethylene has an average adiabatic temperature of 1600 K. These average values are considered to be nearly identical with the temperature concluded by Shebeko et al. [37]. Figure 16 shows the adiabatic temperatures at the flammability limit for each paraffinic fuel type. The mixtures in the first category from methane to n-Hexadecane have fairly comparable adiabatic temperature regardless of fuel types. However, unlike hydrocarbon fuel, it has also been common knowledge that the adiabatic flame temperature of lean limit hydrogen mixtures at normal temperature is about 600 K. The reliability of the adiabatic temperature approach to hydrogen mixture was discussed after the further descriptions for progress in hydrocarbon fuel types.



To prevent fire and explosion hazards, it is important to predict LFL for elevated temperature and pressure. The adiabatic flame temperature was calculated for lean fuel mixtures (T: 300–1200 K, P: 1–100 bar) by Wan et al. [108]. Almost constant values were identified at various temperatures when the pressure kept constant, which agreed well with the previous studies [101,109]. They also compared the average values of the adiabatic flame temperature for the same temperature range (300–1200 K) according to the initial pressure from 1 bar to 100 bar. The relative discrepancy of the adiabatic temperature between 1 bar and 100 bar did not exceed 10% for methane, ethylene, and propane fuel types.



Van den Schoor et al. calculated the adiabatic flame temperature at the experimentally determined UFL for methane-air mixtures. As shown in Table 9, the mixtures show nearly constant values for a given initial pressure, independent of initial temperature. In other words, the UFL of the mixture having elevated temperature and pressure can be obtained by the determined value of CAFT by averaging the experimental results. In their detailed analysis, the averaged CAFT for limiting mixture slightly decreases as the initial pressure increases. For this reason, the UFL prediction leads to underestimation at elevated pressure if the reference CAFT value was determined based on the ambient pressure [84].



Shu et al. similarly predicted the UFL for the hydrocarbon by using the CAFT concept, but they considered the incomplete combustion process for the fuel-rich mixture. In lean limit conditions, chemical kinetics is not important due to the sufficient oxygen to oxidize the hydrocarbon to be CO2. On the contrary, kinetics become important in rich limit conditions having lean oxygen. They assumed oxygen is consumed with three steps. First, the hydrocarbon is oxidized to CO and hydrogen. Second, oxidizing hydrogen to steam depending on the remaining oxygen content. Third, if there is still oxygen left, the CO is oxidized to CO2. This three-step hypothesis was first proposed by Lewis et al. [110]. and Bartok and Sarofim [111]. In their opinion, the remaining oxygen in the fuel-rich mixtures is consumed on such sequential steps. They suggested that the reduced accuracy for UFL than LFL was caused by these chemical effects. In their computation of CAFT, the content of each gas species after the combustion (product) was calculated through this hypothesis. They noted that the average relative difference between the calculated results and experimental results were less than 8.8%. The chemical equilibrium code can also be used to determine the composition of each product, such as studies by Vidal et al. and Melhem [112,113]. Wu et al. introduced the variable calculated adiabatic flame temperature (VAFT) concept to reduce the errors which are still greater in UFL than LFL. They observed a linear relationship between the dilution ratio and the CAFT value. In other words, the UFL concentration can be estimated by determining the threshold CAFT value as a linear function for the diluent ration instead of a constant value. Although this method can provide useful tools for estimating the flammability limit in diluent conditions, sufficient experimental results for each diluent are essentially required.



The rationale of the CAFT model can be understood through a recent analytical flame-ball analysis by Sanchez et al. [12]. For the stoichiometry of the global reaction   2  H 2  +  O 2  → 2  H 2  O  , Equation (28) shows the energy conservation equation, where  r  is the radius of the flame ball,     Y ˜    H 2      is the modified fuel mass fraction,  R  is the volumetric radiation rate, and  D  is the mass diffusivity. If the radiation heat loss is neglected, the temperature at the reaction layer can be estimated by integrating Equation (28) twice assuming constant   ρ   D ˜    H 2    / k   (Equation (29)). Incidentally, the effect of the neglected thermal radiation causes limitations of the CAFT model that follows later. Equation (30) provides the peak temperature (    Y ˜    H 2    ≅ 0  ) at the reaction layer. For comparison with the adiabatic temperature in Equation (26), the mole is used as the unit. As a result, the proportional relation between peak temperature and CAFT can be confirmed using Equation (31). It means that the linear proportionality between two variables, which has been remarked by previous research, can also be asserted in the form of an equation.     c ¯  p *    is the average specific heat for all constituent mixtures, and     L ˜    H 2      is the effective Lewis number which is an intrinsic mixture property [12,59]. For hydrogen-air premixed combustion, the effective Lewis number near the lean flammability limit is about 0.3 [12]. As discussed in Section 2.5, it was identified that the hydrogen gas flammability can roughly be evaluated by the flame ball experiments in non-gravity conditions.
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Recently, Jeon et al. substantially investigated the rationale of the CAFT approach to predict the LFL of hydrogen gases. Table 10 shows the measured LFL by previous experimental works and the corresponding CAFT values. Although the nearly constant temperature values at various initial conditions were identified (~600 K), some mixtures show considerable differences. There are limited mixtures that even have a CAFT of 900 K. It was noted that the discrepancies were noticeable for mixtures having a high initial temperature or the steam content. It means that the model accuracy can be greatly reduced depending on the mixture conditions. Jeon et al. highlighted that this limitation was caused by the adiabatic flame assumption [11]. A general flame cannot propagate under adiabatic conditions, and unavoidable heat loss affects the flame propagation. It means that the heat loss mechanism in propagating flames should be considered for predicting the LFL.



In addition to the studies based on the adiabatic flame temperature concept as discussed, other systematic studies for predicting flammability limit have been conducted. Burgess et al. suggested that the flammability limits of most gaseous fuels can be predicted as shown in Equation (32). Where   L  (  25  )    are the flammability limits at 25 °C and  T  is the temperature,  C  is the specific heat of the mixture,   Δ  H C    is the heat of combustion per mole of fuel [114]. Kumar et al. simplified this equation to Equation (33) for hydrogen-air mixtures ignited at the top (downward propagation) [44]. These linear approximation methods can be useful, but the accuracy dramatically decreased in the presence of a diluent.


  L  ( T )  / L  (  25  )  = 1 − C /  [  L  (  25  )  Δ  H C   ]   (  T − 25  )   
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  L  ( T )  / L  (  25  )  = 1 − 0.0013  (  T − 25  )   



(33)







Britton developed a method to predict the LFL in the air under normal conditions by using the parameter of combustion heat as shown in Equation (34) [115]. The combustion heat can be used for breaking each molecular oxygen bond demanded to start chain reactions with oxygen. Where    c 0    is a constant based on the methane type,  S  is the ratio of oxygen to fuel. This estimation calculated the LFL of fuel in proportion to its heat of combustion relative to that of methane [116]. Ma provided a method to estimate the flammability limits based on the thermal balance which quantified the heating potentials    H F    and quenching potentials    Q F    of each element of a mixture. The quenching potential of a diluent is the enthalpy change at the referred CAFT with respect to that of air. The LFL is the point where the heat released is barely enough to raise the system temperature to the CAFT as shown in Equation (35) [117]. Since these methods employed the assumption that the adiabatic flame temperature is identical, it can be considered as a modified adiabatic temperature approaches [116]. The heat transfer characteristics in flame propagation dependent on diluent type are also neglected in these methods.


  L F L =  c 0  ∗ S / Δ  H C 2   
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   X L  = 1 /  (  1 +  H F  −  Q F   )   



(35)








4.2. Analytical Analyses of Propagating Flame


The systematic combustion analysis allows effective LFL prediction as discussed in Section 4.1, but it is difficult to consider the nature of propagating flames. In upward propagating flames, the combustion proceeds in a stretched thin reaction zone not an ideal homogeneous space. The heat transfer to the burned gas greatly affects the peak flame temperature in the reaction zone and hence the flammability limit. In addition, it was deduced that the elevated stretch rate in flame tip leads to the flame extinction in methane flames [76]. For this reason, analytical studies considering the nature of the propagating flame including heat transfer and flame stretch have been conducted to predict the flammability limit more precisely.



Many studies have been analyzed the propagating flames for predicting the flammability limit in a different manner with adiabatic flame temperature theory. Spalding solved energy and diffusion equations based on one-dimensional, laminar premixed combustion to calculate the flame speed at the flammability limit with special attention to experimental evidence for the existence of two flame speed. The analytical solution is based on a single-step chemical reaction to give greater clarity and save computational cost while still representing real flames in important respects. The basic conservation equations of energy, fuel A, and oxidant B are shown in Equations (36)–(38) [97].


   d  d x    (  k   d T   d x    )  + H  d  d x    (   D A  ρ   d  m A    d x    )  − G  d  d x    (   ∑ j   c j   m j  T +  m A  H  )  = L  
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   d  d x    (   D A  ρ   d  m A    d x    )  − G   d  m A    d x   =  R A   



(37)






   d  d x    (   D B  ρ   d  m B    d x    )  − G   d  m B    d x   =  R B   



(38)







The equations can be converted to dimensionless form as shown in Equations (39) and (40). The flame speed at the flammability limit can be obtained in Equation (41) by finding the eigenvalue  λ  with an approximate analytical solution.  K  is the dimensionless heat loss parameter considering radiation and convection heat loss. The three types of heat loss mechanisms in flame propagation were discussed in Section 1. If the reaction rate constants are known, the flammability limit can be calculated based on the general method for flame speed as described in Ref. [97]. He concluded that the heat loss mechanism from the burned gas can explain the possible two flame speed and ultimately affect the flammability limit. It was predicted that the gas radiation effect was dominant if the bounding walls of the gas are too far away for convection heat loss to be effective. This theoretical prediction was further confirmed by numerical studies for one-dimensional, planar, premixed, and methane flame by Lakshmisha. He identified quantitatively that the convection relative to radiation gradually decreased with the tube diameter [81]. Figure 17 shows the burning velocity against the mixture ratio. Spalding suggested that the analytical calculation can predict the fact that flame will not be propagated below certain concentrations of fuel and oxygen (Figure 17c) as different to previous studies (Figure 17b) [97].


     d 2  τ   d  ξ 2    = −  λ   ξ 2     {  ϕ  (  α , τ  )  − K ψ  ( τ )   }   
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     d 2  α   d  ξ 2    =  λ   ξ 2    ϕ  (  α , τ  )   



(40)






   S  u , c   =  1  c  ρ u         k b   L *     (   T b  −  T u   )   K c   λ c       



(41)







Around the same time, Mayer proposed a flammability limit theory by analytical calculating the heat loss amount with the energy balance equation. Similar to the study of Spalding, he insisted that the flammability limit for propagating flame was determined by radiative heat loss unless the flame was propagated in a small diameter of the tube. In steady-state one-dimensional flame propagation, the temperature profile in the post-reaction zone can be calculated by solving Equation (42). Where  R  is the volumetric heat loss rate determined by the effective thermal emissivity and temperature as shown in Equation (43). Mayer described that, on the left of Equation (42), the transport term is much greater than the conduction (diffusion) term for typical mass flow rates. The temperature gradient near the end of the reaction zone can be calculated by Equation (44). By multiplying the thermal conductivity, the conduction heat loss amount can be calculated as shown in Equation (45). The conduction mechanism is frequently called indirect radiation mechanism since it is ultimately caused by the radiation mechanism generating a negative temperature gradient. On the other hand, the amount of direct radiation can be calculated by Equation (46).  δ  is the flame thickness. He suggested that the direct radiation can be neglected as compared to the indirect radiation by the scaling analysis [10]. It is noted that the recent flame analyses including flame ball analysis also made the same conclusion [23].


   ρ u   c p   S u    d T   d x   −  d  d x   k   d T   d x   = − R  
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  R =  C a   T 2  = 4.1 ×   10   − 7   ·  (   p  C  O 2    + 0.18  p   H 2  O    )   T 2   
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   q  r a d , i   =  k f   R   ρ u   c p   S u     
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   q  r a d , d   =  ∫ 0 δ   R r    d x  



(46)







The analytical procedure for predicting the flammability limit consists of solving the energy balance equation in Equation (47) with the tangency condition in Equation (48). Mayer expresses the energy balance equation with the dimensionless parameter as shown in Equation (49).  A  is the radiation heat loss parameter and  ψ  is the temperature defect    (   T f a  −  T f   )  /  T f a   . The tangency condition obtained by differentiation of both sides of the energy balance equation with respect to  ψ  can be combined with Equation (49) to arrive at an equation for the value of  ψ  at the flammability limit as shown in Equation (50). The limiting radiation heat loss parameter  A  can be determined with   ψ / G  . As a result, the diluent concentration limit as well as the limit of the effective thermal diffusivity can be obtained depends on the mixture conditions. Although these two 1950s studies cannot reflect the characteristics of propagating upward flame, it paves the path for a flammability limit theory based on thermal analysis [10].
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    d  q  l o s s    (   T f a  ,  T f   )    d  T f    =   d  q  r a d , i    (   C a  ,  T f   )    d  T f     
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   1 ψ  +   2.75   1 − ψ   −   2 G      (  1 − ψ  )   2    = 0  



(50)







Although almost thermal theory focused on the flammability limit due to heat loss, Lovachev dealt with the flame extinction mechanism by convection. The theoretical prediction of the flammability limit came through the calculation of the nonstationary energy balance equation. The basic energy balance equation was almost the same as the previous studies but does not include the heat loss amount. Since it is difficult to neglect the heat loss effects on flammability limit in general flame conditions, this theory was established for special flame conditions. He suggested that, at low pressures and greatly diluted mixtures, the flame can propagate at extremely lean fuel conditions in the absence of heat losses to the wall. It was theoretically observed that bromine-hydrogen flames will propagate at pressures down to 0.001 atm and to dilutions at which the flame velocity is less than 0.1 cm/s [118]. By the approximate estimation of the mean temperature gradient with the energy balance equation, the flame thickness can be calculated by Equation (51). The rising velocity of a heated flame    ω ∞    was calculated under the buoyancy force and the resistance force, assuming the sphere flame shape as shown in Equation (52). He assumed that the extension velocity of the heated sphere was equal to the rising velocity on the flame extinction condition. Then no change in the sphere radius  R  will be observed in the system of coordinates. Finally, the fundamental flame velocity at the flammability limit can be derived by Equation (53) and hence the limiting composition and pressure for flame propagation in the given mixture can be estimated [119].
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As flammability limits are wider than other orientation, practical considerations of fire safety focused on the upward propagation. Bregeon et al. noticed that the upward-moving flames were highly non-planar since the buoyance force rose the heated flame and consequently strongly subjected to flame stretch. However, the downward propagating flame can be very nearly planar and the number of perturbing physical influence thereby is reduced. It means that the fundamental flame analyses based on the planar flame can be further clarified with the downward propagating flames. For this reason, they measured the limiting nitrogen concentration of downward propagation in H2-O2-N2 mixtures by investigating the effects of conduction (indirect conduction) heat loss. They focused on the development of cellular flames during downward propagation and its impact on flame speeds and conductive loss [63]. They observed the cellular flames in lean hydrogen conditions and identified that the cellular pattern was more pronounced by reducing the molar ratio of hydrogen to oxygen. It was interesting that even a small difference in flammability limit by tube diameter was not confirmed under lean hydrogen condition as shown in Figure 18. They suggested that the downward propagation limit can be independent of tube diameter because conduction occurs from cells to their boundary gases, not a wall, through a mechanism whereby many cells are formed [64].



To formulate a model for flammability limits based on the preceding mechanism, begin with the approximate formulas for flame thickness  δ  and flame speed  v  as shown in Equations (54) and (55). It was known that the quenching distance of cellular flames for conductive heat loss is not dependent on the tube diameter but rather the cell size. Therefore, the flammability limit of the downward flame is corresponding with a cell size  d  which is proportional to  δ . Finally, the flammability limit condition was derived by Equation (56). Within the accuracy of the experimental data, the limit condition of   v d / α   was estimated at 5.7 [64]. However, it is difficult to measure the cell size for each mixture condition. This study emphasized that understanding the nature of propagating flames is important for predicting the flammability limit regardless of propagating orientations.
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  v d > k α  



(56)







In the 1980s, the stretch theory began to explain the mechanism of flammability limit in place of thermal theory. Lewis and von Elbe suggested that the non-planar flame is the key to understanding flammability limits. Buckmaster et al. developed a flammability limit model based on this idea [19]. Lewis and von Elbe noted that the rising buoyant volume of burned gas behind the flame will tend to displace the cold mixture ahead and generate a straining flow for upward propagating flames as shown in Figure 19 [110]. This flow divergence causes a continuous Lagrangian area increase of the flame hence Karlovitz proposed that the flame will be quenched if this stretch rate is large enough [71].



In a mixture slightly below the flammability limit, a flame that is initiated with ignition propagates some distance up the tube but promptly disappears. After the flame extinction occurs, the tube contains two bodies of gas, cold unburned gas and hot burned gas. Subsequently, the burned gas will rise in the tube extruding the fresh mixture, as an air bubble rising in a tube of water. On the other hand, the flame can propagate far from the ignition source in a mixture slightly exceeding the limit. Buckmaster et al. remarked that the rise speeds are similar before and after extinction by experimental observations. Based on these observations, they predicted the flammability limit by comparing the local straining rate of quenched flame in Equation (57) and the rate    β c    which reduces the flame speed to zero in a simple straining flow in Equation (58). is the mass fraction of fresh unburned gas,  T  is the temperature of fresh unburned gas. By equating the two straining rates, a simple criterion for flame propagation was derived in Equation (59).    Q t    is the adiabatic flame speed and  δ  is the flame thickness [19]. As mentioned, it is difficult to predict the LFL of hydrogen mixture by models that consider only the stretch effect, excluding the heat loss effect.
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After the Three Mile Island (TMI) Unit 2 accident, considerable interest was drawn to computational analyses for the threat of hydrogen combustion. Ural et al. calculated containment pressure during the postulated TMI Unit 2 accident using a simple flammability limit model based on burning velocity criterion [120]. He noticed that the burning velocity has a critical value since the energy generation rate by combustion is proportional to the burning velocity. Based on the Frank-Kamenetskii formulation, the critical burning velocity for flame quenching is predicted by Equation (60) [121].    S   T  A D       is the adiabatic total burning velocity. The adiabatic burning velocity equation can be calculated as shown in Equation (61).    S   L  A D       is the adiabatic laminar burning velocity determined by hydrogen concentration, steam concentration, and unburned gas temperature (Liu and MacFarlane correlations [122]). Each burning velocity term was calculated by a separate correlation as described in Ref. [120]. As suggested by Crescitelli et al. and others [121,123,124], the decrease of burning velocity can be calculated by the one-step Arrhenius reaction rate relationship as shown in Equation (62). They assumed that the burned gas and unburned gas are mixed instantly when queening occurs at criterion in Equation (60).
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Ural et al. compared the calculated overpressures with various combustion tests as well as TMI Unit 2 accident data. Although the calculated results agreed quite well with the measured values, this agreement required specific values of the empirical correction factor in certain cases. He noted that this limitation was particularly caused by the simplifying assumptions in the flame quenching/flammability [120]. As discussed in Section 2.1, most nuclear reactor accident analysis code of system-level such as MAAP developed by Fauske and Associates Inc. and MELCOR by Sandia National Laboratories still rely on these experimental results. The HyRAM 2.0 developed by Sandia National Laboratories for investigating hydrogen hazards’ impact in various hydrogen-related facilities like hydrogen refueling stations also predicts the hydrogen gas flammability by the experimental results [125].



However, the catastrophic experience of the Fukushima accident in 2011 underlined the limitation of the current prediction method of hydrogen flammability which significantly relied on experimental results [126]. Especially, the molten corium-concrete interaction (MCCI) in a nuclear reactor can generate non-condensable gases [52]. It means that the types of hydrogen mixture which need to be analyzed in accident analysis is significantly increased. Hydrogen is a promising energy source for transportation and the research related to the hydrogen-fuel infrastructure is being vigorously explored in many countries including South Korea [2]. As the industry of hydrogen energy expands, risk analysis in various hydrogen gas type will be further required. In conclusion, a widely reliable model for predicting hydrogen flammability is still demanding.



For this reason, there were several attempts to improve the CAFT method by considering the heat loss mechanism of actual flame propagation. There are three types of heat loss mechanism in flame propagation as discussed in Section 1, convection, conduction (indirect radiation), and radiation. Liaw et al. proposed a model for predicting the variation of flammability limit derived from the energy balance equation including direct radiation heat loss. The radiation heat loss per mole of the combustible mixture was calculated by Equation (63). Where  α  is the radiation heat transfer surface area efficiency factor,  e  is the emissivity,  σ  is the Stephan–Boltzmann constant. They carried out the scaling analysis and determined the maximum value of   α e A σ Δ t   to approximately 10−8 J/K4·mol. The heat loss effect on the estimated flammability limits was analyzed for various fuels including hydrogen. They concluded that the prediction differences of LFLs by heat loss effect are negligible for the 11 fuel types [127]. This small difference is acceptable since the heat loss amount by direct radiation can be ignored compared to indirect radiation [10]. Zhao et al. proposed a calculated flame temperature (CFT) model where the basic principle was nearly identical to Liaw’s model. They calculated the flame temperature considering not only direct radiation heat loss but convective heat loss. The convection heat loss can be calculated using Equation (64). Where  α  is heat loss effectiveness factor,    h  i n     is convective heat transfer coefficient,  L  is flame propagation distance from ignition source to the thermistor. However, it is known that heat losses to the wall are negligible for axisymmetric flames propagating in tubes over 2 cm in diameter [24]. Turns noted that the indirect radiation (conduction) heat loss can account for the LFL of gas mixtures [17].


   Q r  = α e A σ  (   T L 4  −  T i 4   )  Δ t  
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   Q c  = α  h  i n   2 π  R i  L  (   T f  −  T  i n    )  Δ t  
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Recently, a calculated non-adiabatic flame temperature (CNAFT) model was developed to advance the existing CAFT approach, especially for hydrogen mixtures. This model includes a one-dimensional analysis of propagating flame to consider the heat loss mechanisms for predicting LFL. The flame analysis was focused on the thermal behavior of the reaction zone to estimate the heat loss amount during upward propagation. They suggested that the indirect radiation was dominant for determining the LFL of hydrogen mixtures. The amounts of indirect radiation heat loss depended on the heat transfer characteristics of each mixture condition and the amount can be estimated by the CNAFT coefficient  π . The coefficient is calculated by dividing thermal diffusivity by molar concentration [11,41]. To confirm whether the coefficient can represent the amount of heat loss during flame propagation, the hydrogen mixtures were divided into two groups by magnitude of the CNAFT coefficient. Figure 20 shows the average relative error for the LFL prediction by the CAFT model. It should be noted that the tendency in CAFT model accuracy was significantly different depending on the CNAFT coefficient group. While all of the mixtures in the first group having a lower coefficient has a less than 6% relative error, the second group has a maximum relative error close to 40% [11]. These discrepancies further increase for the H2-air-steam mixtures [41].



By obtaining the coefficient of a mixture for which the LFL is not known experimentally, the CNAFT value can be calculated using Equation (65) [11,41]. The initial hydrogen and steam concentration were multiplied for reflection of increasing of thermal radiation rate based on optically thin approximation [43]. The threshold peak temperature during flame propagation is proportional to the CNAFT. Finally, the hydrogen concentration corresponding to the CNAFT value of 610 K is determined as the predicted limit concentration by the CNAFT model with optical thin approximation. Figure 21 shows the improved accuracy of the CNAFT model by comparing with the various experimental results. More detailed description of the model can be found in Ref. [11,41]. The fundamental reason for the reasonable accuracy of the CNAFT model seems to be that hydrogen flame has a much lower Lewis number than hydrocarbon fuel including methane. As discussed in Section 3.1, the extinction of hydrogen flame (  L e < 1  ) proceeds as the trailing edges on both sides become shorter since the local burning intensity is focused at the flame tip due to strong preferential mass diffusion. This process is totally different from the extinction of methane flame at flame tip understood by the stretch extinction limit. It means that the balance of generated combustion heat and heat loss on the trailing edge can determine whether a flame continuously propagates for hydrogen flames [41].


    ∑  r e a c t a n t s    n i   [  Δ  H  f , i  0  +   c ¯   p , i    (   T i  −  T  r e f    )   ]  −  ∑  p r o d u c t s    n i   [  Δ  H  f , i  0  +   c ¯   p , i    (   T  C N A F T   −  T  r e f    )   ]     =  {       C 1   (  π −  π  r e f    )                                                                          f o r      [   X   H 2  O    ]    r e a c t a n t s   = 0        C 1   (  π −  π  r e f    )  ·  (     X   H 2  ,   i n   +  X  s t e a m ,   i n      X  s t e a m , r e f      )    f o r      [   X   H 2  O    ]    r e a c t a n t s   > 0         
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As discussed in Section 2.4, Wierzba et al. identified that the CAFT model has less accuracy for the LFL prediction of H2/CO binary fuel, unlike UFL [7]. Recently, Kim et al. suggested that the combination of the CAFT model and the CNAFT model based on Le Chatelier’s law can improve the LFL prediction accuracy [54]. As shown in Equation (66), a flammability limit of a binary mixture can be predicted by Le Chatelier’s law if each fuel limit was predicted considering the mixture condition. Although there are many historical attempts to predict the flammability limit of the binary fuel based on Le Chatelier’s law, the narrow applicable mixture range was the limitation due to dependence on the experimental results. The detailed review of the previous studies was well described in Ref. [54]. Therefore, Kim et al. predicted   L F  L   H 2      by CNAFT model, while the   L F  L  CO     was predicted using the CAFT model. The accuracy of the methodology was verified using various experimental data relevant to nuclear reactor accident conditions. For example, the methodology shows good agreement with the measured LFL by Kilchyk as shown in Figure 22 [54].


   1  L F  L  m i x     =  1  L F  L  C O     +  1  L F  L   H 2       



(66)








4.3. Flame Ball Analyses


Matsukov et al. observed that an unstable cellular flame is developed for mixtures with   L e < 1   while a stable smooth flame is generated for   L e > 1   mixture by Schlieren photos [128]. The cellular flame propagation had been theoretically discussed by numerous authors including Markstein [63,129,130]. Especially for very lean hydrogen mixtures, the generated strongly cellular flames seem an array of flame balls which burns as if each one is isolated [23]. For this reason, previous studies deduced that the flame ball analysis can lead to an improved understating of hydrogen flammability limit [20]. As discussed in Section 2.5, the existence of non-propagating steady spherical flame balls was first predicted theoretically by Zeldovich [59]. Ronney et al. experimentally identified that flame ball can be generated at low gravity when buoyancy effects are small [61]. Buckmaster et al. described that generating the stationary flame-balls was possible with a near-limit mixture, small Lewis number, and heat loss mechanisms [20].



The existence of stabilized flame-ball is important because previous analytical studies for flammability were mainly conducted through steady planar flame as discussed in Section 4.2. The main reason for assuming the steady planar flame is that there are too many physical phenomena in freely propagating flame. The analysis in upward flame due to the buoyance force should include the flow characteristics near the flame which ultimately affects the heat loss mechanisms as well as the stretch effect and the Lewis number effect. Therefore, many studies have focused on a dominant mechanism in freely propagating flame or considered flame physics based on a steady planar flame, for effectively predicting flammability limit. The stabilized flame ball made it possible to improve understanding of flammability limit while time-independent properties enable analytical modeling. The progress in flame ball analysis to investigate the flammability limit and near-limit phenomena was detailed in Ref. [12]. In this paper, a recent analytical model of flammability limit using the stabilized flame ball concept was briefly introduced.



As discussed in Section 4.1, the temperature at the reaction layer of radiation neglected flame ball can be estimated by Equation (28). In the one-step approximation of chemical kinetics, the peak temperature lower than the crossover temperature    T c    causes the disappearance of the radicals, leading to   ω = 0   [23]. Since the peak temperature occurs at the reaction layer where     Y ˜    H 2    = 0  , the kinetically controlled LFL concentration where the peak temperature reaches the    T c    can be estimated in Equation (67). The    T c    can be computed from Equation (68) with the one-step reduced mechanism.    k i    is the rate constant of reaction  i . The effective third-body efficiency    C M    depends on the steam mass fraction at the reaction zone as shown in Equation (69) [80].
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   C M  =  p  R T    (  1 + 15  Y   H 2   O r     w   w   H 2  O      )   
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The steam mass fraction at the reaction zone can be calculated based on the species conservation equation in Equation (70). If we can assume the constant value of mass diffusivity for each gas, Equation (70) can be integrated as shown in Equation (71). It means that the steam mass fraction can be calculated by mass fractions of the unburned fresh mixture in Equation (72).


   1   r 2     d  d r    (    ρ  D   O 2       M   O 2       r 2    d  Y   O 2      d r    )  = −  1   r 2     d  d r    (    ρ  D   H 2  O     2  M   H 2  O      r 2    d  Y   H 2  O     d r    )  =  1   r 2     d  d r    (    ρ   D ˜    H 2      2  M   H 2       r 2    d   Y ˜    H 2      d r    )  = ω  



(70)






   Y   H 2  O   −  Y   H 2   O u    = 2    M   H 2  O      M   O 2         D   O 2       D   H 2  O      (   Y   O  2 u     −  Y   O 2     )  =    M   H 2  O      M   H 2          D ˜    H 2       D   H 2  O      (   Y   H  2 u     −   Y ˜    H 2     )   



(71)
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As a result, the LFL can be evaluated through the sequential calculation of Equations (67)–(69) and Equation (72). For a hydrogen-air mixture at normal temperature and pressure, the LFL was evaluated to be about 2.4 vol% (  φ = 0.06  ) [23]. Compared with their predicted value of 9.5 vol% (  φ = 0.251  ) by planar flame analysis with the one-step reduced mechanism, the analytical model shows improved accuracy for the experimental results (4.1 vol%). Fernandez-Tarrazo described that the model can be improved by using the turning point analysis as discussed in Section 3.2. This further study included radiation heat loss in the far-field. They suggested that radiation could be negligible in the near-field where the volumetric heat losses due to conduction are about twenty times greater than those associated with radiation. The importance of radiation emerges in the far-field, affecting the temperature profile towards the ambient temperature. The turning point analysis predicted the LFL about 3.0 vol% [23]. Figure 23 shows the predicted LFL by these two analytical models with FITS experiments. The presence of steam in the atmosphere increases the LFL by increasing influences of radiation heat loss as similar to experimental results. Strehlow et al. observed the near limit flame propagation of methane and propane at gravity levels that ranged from 0.01g to 0.17 g. Although the fuel type is different from hydrogen, they noticed that the extinguishment process is significantly different between zero g and one g [131]. As the analysis of the stabilized flame ball corresponds to a zero-gravity environment, it is difficult to predict the exact LFL in general except possibly in a spacecraft environment.





5. Concluding Remarks


Many countries including South Korea being considered hydrogen as a promising energy source to contribute to addressing the energy challenges facing the Earth. The knowledge concerning hydrogen flammability is essential to ascertain the safe use of hydrogen energy including production, storage, and transportation. In this paper, we have provided a comprehensive review of the studies for predicting hydrogen flammability by dividing it into three types: experimental, numerical, and analytical. While the earlier experimental studies had focused only on measuring limit concentration, recent studies have been conducted to thoroughly clarify the extinction mechanism of a hydrogen flame. In numerical studies, the continued advances in computer performance enabled even multi-dimensional stretched flame analysis following one-dimensional planar flame analysis. Finally, historical attempts to predict the limit concentration by analytical modeling of flammability characteristics were discussed. As shown in Figure 24, to analyze the upward propagating flames, more physical phenomena should be considered than the theoretical stationary planar flame. For example, the Lewis number effect (preferential diffusion) has a great influence on the local burning intensity along the flame front. Furthermore, each phenomenon is interrelated to another phenomenon. The stretch extinction at the flame tip has been understood with the flow characteristics and the heat loss mechanisms (convection, conduction, radiation) near the flame. Recent studies tried to propose dominant physical phenomena in LFL prediction and develop practical analytical models. Although developed models have been successfully predicted LFL at NTP, vigorous studies are still needed especially for multiple diluent conditions.
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Figure 1. Expectations for hydrogen energy deployment in the EU by Fuel Cells and Hydrogen Joint Undertaking (FCH JU) [1]. 
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Figure 2. Analytical, numerical and experimental studies for prediction of hydrogen flammability ((a) standard tube for measuring the flammability limit [15], (b) schematic of experimental setup for stabilized flame observation [16], (c) Shapiro diagram for flammability [17], (d) chemiluminescence images of flame [18], (e) configuration of straining flow [19], (f) configuration of flame ball concept [20], (g) accuracy of the calculated non-adiabatic flame temperature (CNAFT) model [11], (h) governing equations for numerical flame analysis, (i) reduced chemical kinetics [21], (j) flame structures by numerical simulation [22], (k) identified turning point in flame ball analysis [23]). 
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Figure 3. Measured flammability limit of hydrogen in air and nitrogen or carbon dioxide. Reproduced from Ref. [27], US Government Printing Office: 1929. 
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Figure 4. Measured flammability limit of H2-NO-N2O at normal temperature and pressure. The dashed line represents the calculated upper flammability limit (UFL) by the Le Chatelier Law. Reproduced from Ref. [32], The Combustion Institute: 1957. 
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Figure 5. Shapiro diagram for hydrogen-air-steam mixtures at 1 bar and ambient. The diluent concentration is added to the steam concentration [17]. 
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Figure 6. Flammability limits in H2-O2-N2 mixtures at temperature 20 °C. Reproduced from [37], The Combustion Institute: 1995. 
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Figure 7. Dependence of hydrogen LFL on diluent composition ( P  = 6 bar,  T  = 250 °C, composite diluent concentration = 75%). Reproduced from Ref. [37], The Combustion Institute: 1995. 
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Figure 8. Lean flammability limits of H2-CO mixtures in the air at different temperatures. The solid line represents the calculated value by Le Chatelier Law using individual limit values of each fuel type. Reproduced from Ref. [7], International Association for Hydrogen Energy: 2001. 






Figure 8. Lean flammability limits of H2-CO mixtures in the air at different temperatures. The solid line represents the calculated value by Le Chatelier Law using individual limit values of each fuel type. Reproduced from Ref. [7], International Association for Hydrogen Energy: 2001.



[image: Energies 13 06263 g008]







[image: Energies 13 06263 g009 550] 





Figure 9. Flame ball configuration. The outward arrows represent the diffusion of heat and products; the inward arrows represent the diffusion of reactants. 
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Figure 10. Schematic of counterflow premixed flame experiment. 
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Figure 11. The calculated steady-state flame temperature and flame speed. Reproduced from Ref [81], The Combustion Institute: 1991. 
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Figure 12. Distribution of chemical heat release rate (W/m3) and flow streamlines for the flames studied in the simulations with a mixture-averaged transport model and skeletal mechanism at different fuel compositions (a–d): CH4-air, (e–h): CH4-H2, (i–l): H2 [22]. 
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Figure 13. The Abel-inverted CH* chemiluminescence contours for CH4-air and 40%H2 + 60%CH4-air flames and OH* chemiluminescence contours for H2-air flames with decreasing equivalence ratio [22]. 
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Figure 14. The variation with the equivalence ratio of the peak flame temperature as obtained from numerical integrations with the statistical narrow band (SNB) radiation model and 21-step chemical scheme (solid curve), with the SNB radiation model and the one-step reduced mechanism (circles), and with the optically thin approximation and the one-step reduced mechanism (dashed curve) [23]. 
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Figure 15. Variation of loss contributions as a function of stretch for lean hydrogen flame. Reproduced in Ref. [92], The Combustion Institute: 1998. 
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Figure 16. Calculated adiabatic flame temperature for paraffinic hydrocarbons by Vidal et al.’s data. 
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Figure 17. Burning velocity against equivalence ratio. (a) experimental findings, (b) prediction of previous studies neglecting heat loss, (c) prediction of Spalding’s study. Reproduced from Ref. [97], The Royal Society: 1957. 
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Figure 18. Limiting mole percent of nitrogen as a function of the hydrogen-oxygen ratio for downward propagation. Reproduced from Ref. [64], The Combustion Institute: 1978. 
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Figure 19. Straining flow is generated by rising hot gases. Reproduced from Ref. [19], The Combustion Institute: 1982. 
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Figure 20. Classification of mixtures according to CNAFT coefficient to confirm the deterministic effects on heat loss mechanism, Reproduced from Ref. [11], Korean Nuclear Society: 2019. 
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Figure 21. Validation of CNAFT model for various mixtures. The maximum relative error was analyzed as 13%. Reproduced from Ref. [11], Korean Nuclear Society: 2019. 
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Figure 22. LFL as a function of CO fraction in the H2/CO mixtures in the air at 1 bar and 150 °C [54]. 
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Figure 23. Predicted LFL by two analytical models based on flame ball analysis. The increase of LFL can be explained by the increasing influences of radiation. Reproduced from Ref. [23], Hydrogen Energy Publications, LLC: 2011. 
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Figure 24. Synopsis of relations between the combustion phenomena and flammability limit. The lean limit flame characteristics according to fuel type should be thoroughly investigated to identify the dominant phenomena and develop a useful analytical model. 
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Table 1. Measured flammability limits of hydrogen in air at normal temperature and pressure. Reproduced from Ref. [14], US Government Printing Office: 1952.
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Authors

	
Dimension of Tube (cm)

	
Observed Limit (vol%)

	
Ref.




	
Diameter

	
Length

	
LFL

	
UFL






	
White

	
7.5

	
150

	
4.2

	
75.0

	
[25]




	
Egerton et al.

	
5.3

	
150

	
4.2

	
74.6

	
[26]




	
Egerton et al.

	
5.3

	
150

	
4.1

	
74.3

	
[26]




	
Egerton et al.

	
5.3

	
150

	
4.2

	
74.8

	
[26]




	
White

	
5.0

	
150

	
4.2

	
74.5

	
[25]




	
Jones

	
5.0

	
180

	
4.0

	
72.0

	
[27]




	
Burgoyne et al.

	
4.8

	
150

	
4.0

	
73.8

	
[28]




	
Clusius et al.

	
4.5

	
80

	
4.1

	
-

	
[29]




	
Payman

	
2.5

	
150

	
4.2

	
-

	
[30]




	
White

	
2.5

	
150

	
4.3

	
73.0

	
[25]
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Table 2. Comparison between standardized methods to determine the flammability limit. Reproduced from Ref. [31], KU Leuven: 2007.
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	Method
	Bureau of Mines (Coward and Jones)
	DIN 51 649
	EN 1839 Tube





	Tube

geometry
	Open tube

D = 5 cm, L = 1.5 m
	Open tube

D = 6 cm, L = 0.3 m
	Open tube

D = 8 cm, L = 0.3 m



	Ignition

source
	spark/flame bottom end
	spark bottom end

E = 5 J, t = 0.5 s
	spark bottom end

E = 2 J, t = 0.2 s



	Flammability criterion
	visual flame propagation over 1.5 m
	visual flame detachment
	visual flame propagation over 0.1 m



	Flammability limit definition
	halfway between the flammable and non-flammable point
	at non-flammable point
	at non-flammable point
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Table 3. Summary of experimental flammability limit studies since the 1950s.
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	Year
	Authors
	Mixture
	Tube Geometry
	Ref.





	1957
	Scott et al.
	H2-NO-N2O

H2-N2O-air

H2-NO-air
	Bureau of Mines
	[32]



	1984
	Shebeko et al.
	H2-O2-He

H2-O2-CO2

H2-O2-N2

H2-O2-Ar
	-
	[33]



	1985
	Kumar
	H2-O2-N2

H2-O2-CO2

H2-O2-H2O

H2-Air-H2O

H2-O2-Ar

H2-O2-He
	Bureau of Mines
	[34]



	1986
	Marshall
	H2-air-H2O
	FITS vessel
	[35]



	1988
	Hustad et al. (b)
	H2-air
	D = 10 cm, L = 3 m
	[36]



	1995
	Shebeko (a)
	H2-O2-He

H2-O2-CO2

H2-O2-N2

H2-O2-Ar

H2-O2-He-H2O

H2-O2-He-CO2

H2-O2-N2-CO2
	D = 30 cm, L = 80 cm
	[37]



	1998
	Ale (c)
	H2-air
	Bureau of Mines
	[38]



	2001
	Wierzba et al.
	H2-CO-air
	Bureau of Mines
	[7]



	2007
	Van den Schoor (d)
	H2-CH4-air
	DIN 51 649
	[31]



	2012
	Terpstra
	H2-air

H2-air-N2

H2-air-He

H2-air-Ar

H2-air-CO2
	Bureau of Mines
	[15]



	2014
	Liu et al. (e)
	H2-air
	D = 16 cm, L = 0.34 m
	[39]



	2015
	Hernandez-Perez et al. (f)
	H2-CH4-air
	D = 1.35 cm, L = 3 cm
	[18]



	2018
	Zhou et al. (f)
	H2-air

H2-CH4-air
	D = 1.35 cm, L = 10 cm
	[22]



	2020
	Xu et al.
	H2-O2-N2

H2-O2-CO2
	D = 18 cm, L = 20 cm
	[40]







(a) at temperature up to 250 °C and pressure up to 40 bar; (b) at temperature up to 450 °C (c) at temperature up to 350 °C; (d) at temperature up to 200 °C and pressure up to 10 bar; (e) at pressure up to 4 bar; (f) stabilized flame experiments.
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Table 4. Summary of experimental flammability limit studies for binary fuel mixtures. Reproduced from Ref. [54], Korean Nuclear Society: 2020.
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Researcher

	
Mixture

	
Ref.






	
Kilchyk

	
H2-CO-air

	
[57]




	
H2-CO-air




	
H2-CO-air




	
H2-CO-air-H2O




	
H2-CO-air-H2O




	
Wang et al.

	
H2-CO-O2-N2

	
[55]




	
H2-CO-O2-N2




	
Grune et al.

	
H2-CO-O2-N2-H2O-CO2

	
[56]




	
H2-CO-O2-N2-H2O-CO2
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Table 5. 20 reversible elementary reactions in San Diego mechanism for hydrogen combustion. Reproduced from Ref. [12], Elsevier Ltd: 2013.
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Type

	
Reaction






	
Shuffle reactions

	
   H +  O 2  ↔ OH + O   




	
    H 2  +  O    ↔ OH + H   




	
    H 2  + OH ↔  H 2  O + H   




	
    H 2  O + O ↔ OH + OH   




	
Hydroperoxyl reactions

	
   H +  O 2  + M ↔   HO  2  + M   




	
     HO  2  + H ↔ OH + OH   




	
     HO  2  + H ↔  H 2  +  O 2    




	
     HO  2  + H ↔  H 2  O + O   




	
     HO  2  + O ↔ OH +  O 2      




	
     HO  2  + OH ↔  H 2  O +  O 2    




	
Radical-radical recombination reactions

	
   H + OH + M ↔  H 2  O + M   




	
   H + H + M ↔  H 2  + M   




	
   O + O + M ↔  O 2  + M   




	
   H + O + M ↔ OH + M   




	
Hydrogen peroxide reactions

	
   OH + OH + M ↔  H 2   O 2  + M   




	
     HO  2  +   HO  2  ↔  H 2   O 2  +  O 2    




	
    H 2   O 2  + H ↔   HO  2  +  H 2    




	
    H 2   O 2  + H ↔  H 2  O + OH   




	
    H 2   O 2  + OH ↔  H 2  O +   HO  2    




	
    H 2   O 2  + O ↔   HO  2  + OH   
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Table 6. Summary of numerical studies to investigate the flammability limit.
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	Year
	Researcher
	Numerical Method
	Mixture
	Ref.





	1990
	Lakshmisha et al.
	1D/planar/non-adiabatic/unsteady
	CH4-air
	[81]



	1992
	Giovangigli et al.
	1D/planar/adiabatic/unsteady
	H2-air

CH4-air
	[82]



	1992
	Law et al.
	1D/planar/non-adiabatic/steady
	H2-air

CH4-air
	[43]



	1998
	Ju et al.
	1D/planar/non-adiabatic/steady
	CH4-air
	[83]



	2008
	Van den Schoor et al.
	1D/planar and spherical/non-adiabatic/steady and unsteady
	CH4-air
	[84]



	2008
	Shoshin et al.
	2D/stretched/non-adiabatic/unsteady
	CH4-air
	[85]



	2009
	Fernandez-Galisteo et al.
	1D/planar/adiabatic/steady/7step
	H2-air
	[21]



	2015
	Hernandez-Perez et al.
	2D/stretched/non-adiabatic/steady
	H2-CH4-air
	[18]



	2018
	Zhou et al.
	2D/stretched/non-adiabatic/steady
	H2-CH4-air
	[16]



	2018
	Zhou et al.
	2D/stretched/non-adiabatic/steady
	H2-air

CH4-air

H2-CH4-air
	[22]



	2018
	Yakovenko et al.
	2D/stretched/non-adiabatic/unsteady
	H2-air
	[86]



	2019
	Bertolino et al.
	1D/planar/non-adiabatic/steady
	CH4-air

CH3OH-air

C2H6-air

C3H8-air, etc.
	[79]



	2019
	Jeon et al.
	2D/stretched/non-adiabatic/unsteady
	H2-air
	[87]
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Table 7. Prediction of lower flammability limit (LFL) (equivalent ratio) for different types of flame with different fuel compositions. The numerical simulation considered thermal radiation Reproduced in Ref. [22], The Combustion Institute: 2017.
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	Fuel
	Exp.
	Num. (2D)
	1D Flat Flame
	1D Flame Ball





	CH4
	0.480
	0.445
	0.497
	-



	40%H2 + 60%CH4
	0.350
	0.315
	0.446
	0.270



	H2
	0.090
	0.110
	0.295
	0.073
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Table 8. The calculated adiabatic flame temperature at flammability limit for hydrocarbon type fuels. Reproduced from Ref. [102], Gordon and Breach Science Publishers, Inc.: 1979.
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	Fuel
	LFL
	      T    a d     (   L F L   )     





	CH4
	5.0
	1480



	C2H6
	3.0
	1530



	C3H8
	2.1
	1540



	n-C4H10
	1.8
	1640



	n-C5H12
	1.4
	1590



	n-C6H14
	1.2
	1610



	n-C7H16
	1.0
	1620



	n-C8H18
	0.9
	1650
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Table 9. The calculated adiabatic flame temperature (CAFT) at the experimentally determined UFL of methane-air mixtures at different initial pressure and temperatures. Reproduced from Ref. [84], Elsevier B.V.: 2008.






Table 9. The calculated adiabatic flame temperature (CAFT) at the experimentally determined UFL of methane-air mixtures at different initial pressure and temperatures. Reproduced from Ref. [84], Elsevier B.V.: 2008.





	Pressure (bar)
	298 K
	    373    K     
	473 K





	1
	1692
	1678
	1667



	3
	1648
	1622
	1612



	6
	1597
	1583
	1584



	10
	1545
	1533
	1524
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Table 10. The CAFT for various limiting mixtures, Reproduced from Ref. [11], Korean Nuclear Socity: 2019.
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Researcher

	
Mixture

	
    T i     (°C)

	
Diluent (vol%)

	
LFL (vol%)

	
CAFT (K)

	
Ref.






	
Terpstra

	
H2-air

	
20

	
0

	
3.9

	
610

	
[15]




	
H2-air

	
50

	
0

	
3.8

	
633




	
H2-air

	
100

	
0

	
3.6

	
667




	
H2-air

	
150

	
0

	
3.3

	
692




	
H2-air

	
200

	
0

	
2.8

	
701




	
H2-air

	
300

	
0

	
2.4

	
769




	
H2-air-He

	
20

	
0–50

	
3.8–5.3

	
600–800




	
H2-air-Ar

	
20

	
0–60

	
3.0–3.8

	
590–610




	
H2-air-N2

	
20

	
0–20

	
~3.9

	
~610




	
H2-air-CO2

	
20

	
0–40

	
3.9–4.6

	
602~620




	
Kumar

	
H2-O2-He

	
22

	
20–40

	
5.1–5.8

	
700–800

	
[34]




	
H2-O2-He

	
100

	
20–40

	
3.9–4.3

	
700–750




	
H2-O2-N2

	
22

	
20–40

	
~4.0

	
~600




	
H2-O2-N2

	
100

	
20–40

	
~3.5

	
~650




	
Hustad

	
H2-air

	
20

	
0

	
4.3

	
644

	
[36]




	
H2-air

	
200

	
0

	
3.3

	
741




	
Marshall

	
H2-air-Steam

	
100–120

	
10

	
4.83

	
773

	
[35]




	
H2-air-Steam

	
100–120

	
20

	
5.31

	
804




	
H2-air-Steam

	
100–120

	
30

	
5.96

	
847




	
H2-air-Steam

	
100–120

	
40

	
6.93

	
913
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