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Abstract

:

Ammonia combustion is a promising energy source as a carbon free fuel without greenhouse gas emissions. However, since the auto-ignition temperature is 651 degrees Celsius and the range of flammability limit is not wide compared to other fuels, fundamental studies on ammonia fires have rarely been conducted so far. Therefore, this study aims to numerically estimate fire spread characteristics when ammonia fuel in a high-pressure state leaks to the outside, especially focusing on the flammability limit according to oxygen concentration. Three kinds of reaction mechanism for numerical analysis were adopted to compare the flame structure, flammability limit, and combustion characteristics. Plank-mean absorption coefficients of nitrogen species were taken for the radiation model, in addition to the optically thin model. The effect of radiation heat loss could be identified from the maximum flame temperature trend at a low strain rate. It was confirmed that the pyrolysis of ammonia in the preheated zone results in hydrogen production, and the generated hydrogen contributes to heat release rate in the flame zone. It is found that the contribution of hydrogen would be an important role in the flammability limit of ammonia combustion. Finally, Karlovitz and Peclet numbers showed well the extinction behaviors of ammonia combustion as a result of LOC (Limit Oxygen Concentration) analysis as a function of global strain rate.
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1. Introduction


In most countries, multipronged efforts are being made to strengthen the global response to the climate change issue. The reduction of greenhouse gases (GHG) is one of the priority targets for holding the increase in global average temperature. In order to achieve the global demand, it is essential to replace present fossil fuels with renewable energy sources, such as wind, solar, and carbon-free fuels.



Carbon-free fuel refers to fuel with zero carbon emission in the process of fuel production and consumption, such as biofuel, hydrogen, and ammonia. In the case of biofuel, since biomass used for fuel production absorbed carbon dioxide, carbon dioxide emissions from the perspective of the fuel life cycle becomes zero. However, considering that most biomass is used as food, there is a disadvantage that it can cause food shortages in developing countries. Biogas can also be produced from natural gas; however, it has a disadvantage of capturing and treating carbon dioxide emitted during the extraction process. Hydrogen is known as the most ideal fuel to achieve zero carbon emissions; however, the high-level technology of cryogenic liquefaction and the risk of explosion are considered as major difficulties in hydrogen utilization.



Meanwhile, ammonia (NH3) is one of the promising alternative fuels because of zero emissions from the combustion process. NH3 also has attractive features, which include easy transportation through liquefaction, high density of hydrogen carrier, and can be used as a fuel without the hydrogen extraction process [1]. In particular, as the hydrogen carrier, it is more competitive than liquefied hydrogen and liquid organic hydrogen carrier (LOHC), and is suggested as the most realistic alternative. Converting hydrogen into an ammonia-type compound has the advantage of increasing storage density by about 1.5 times and can be easily liquefied at room temperature with 8 atmosphere [1]. However, field managers only pay attention to human inhalation at industrial sites because ammonia gas is highly toxic, and are satisfied with the installation of ventilation and purification systems without additional fire safety devices. Thereby, fires or explosions often occur despite the limited flammable range due to negligence of fire prevention measures [2].



Since 1985, 71 cases of ammonia-related accidents have occurred at industrial sites [2]. In particular, in 2013, a large explosion at an ammonia plant in Louisiana, USA, killed one person and injured more than 10 people [3]. In 2000, three people were also killed in fires and explosions at the same factory; both accidents are known to have avoided casualties even if they were equipped with NH3 detection sensors. Therefore, it is an example that clearly shows that employees need to pay attention to the flammability and explosion of ammonia gas and that facility safety devices are essential.



Ammonia is a combustible gas; however, compared to other alternative fuels, the lower flammability limit is high and the flammable range is not wide, as shown in Figure 1 [4,5]. Since the minimum ignition energy (MIE) is 680 mJ, which is more than 2000 times higher than methane, the probability of auto-ignition from ammonia is very difficult compared to other fuels. Nevertheless, ammonia is lighter than environmental air and has a faster diffusion rate, so if it leaks from a high-pressure storage container, the damage is expected to be significant. In addition, it is urgent to establish fire prevention measures as the frequency of use for various purposes in industrial sites is increasing as the alternative storage medium of hydrogen, the refrigerant, and the reactant of combustion exhaust gas for post-treatment [1].



To date, previous studies on ammonia have mainly focused on post-treatment of combustion exhaust gases related to NOx formation and its reduction [6,7,8,9], oxidation, and pyrolysis [10,11,12,13,14]. Since the research on the combustion characteristics of ammonia fuel focuses only on the evaluation of combustion stability in ammonia–hydrogen blends [15,16], it is not easy to be analyzed for fire accidents due to ammonia leakage.



Therefore, in this study, 1-D numerical analysis was performed by adopting atmospheric pressure and leak velocity as evaluation factors to establish possible fire suppression measures when ammonia leaks from high-pressure storage containers. In order to clarify fire characteristics, it will be estimated on the flame extinction limits based on the comparison of three kinds of reaction mechanism.




2. Research Scope


An objective of this study is to present an operating condition of a system that controls an oxygen concentration in the surrounding environment in which a high-pressure tank of NH3 is installed to fundamentally block fire accidents. More specifically, it is intended to completely eliminate the possibility of fire and explosion by immediately controlling the oxygen concentration of external air during gas leakage by presenting limiting oxygen concentration (LOC) in accordance with a gas leakage velocity and an external pressure.



Figure 2a is a schematic diagram of a fire prevention system for the ammonia tank. As shown in the figure, the fire prevention system consists of a nitrogen supplier to reduce oxygen concentration in a closed room where ammonia tanks can be stored, a concentration meter to measure oxygen concentration, a pressure control mechanical ventilation system to maintain constant pressure in the room, and a control system to manage the entire system. The system control plan is as follows:




	(1)

	
Normally, the oxygen concentration in the room is maintained at the out of flammability limit, and the pressure in the room is fixed at atmospheric pressure with the pressure control mechanical ventilation system;




	(2)

	
When an abnormal pressure reduction is detected in an ammonia regulator, a large amount of nitrogen is supplied into the room and the ventilation fan for pressure control is operated to maintain a constant pressure, enough to structurally endure the internal pressure in the room;




	(3)

	
Based on the LOC chart, the amount of internal gas emitted and nitrogen supplied is determined to prevent secondary fires that may occur on the outside due to the emitted ammonia and external air;




	(4)

	
The ventilation system is composed of a coaxial structure as shown in Figure 2b, the inner pipe emits flammable gas, and the outer pipe surrounds nitrogen to prevent secondary fire and suppresses and discharges the contact between the flammable gas and atmospheric air as much as possible.









In order to apply the fire prevention system of the ammonia tank, two operating standards are required: one is LOC according to internal pressure of the system and the other is LOC according to gas leakage velocity. Therefore, in this study, we intend to provide LOC chart for ammonia combustion by adopting two variables of pressure and gas leakage velocity.




3. Computational Method


3.1. Tested Conditions


In this study, in order to simulate a fire caused by ammonia leakage in a high-pressure storage tank, a counterflow flame geometry was adopted as shown in Figure 3. The counterflow configuration has been widely used to acquire the information of flame structure and flammability limit. In particular, counterflow flames are the most commonly adopted method in the evaluation of flammability limit, and many studies have been conducted so far [17,18,19]. A fuel and an oxidizer are ejected from two nozzles facing each other to form a stagnation plane, and a diffusion flame is formed on a surface close to the oxidizer nozzle. The diffuse flame is generated by chemical reactions and the flame surface area extends along the stagnation plane by the flow of fuel and oxidizer. In particular, since the configuration of counterflow combustion field can be described as a 1-D structure, detailed flame structure could be examined with relatively less calculation time consuming when detailed chemistry and reaction mechanisms are adopted.



Ammonia is supplied from the fuel nozzle and O2-N2 mixed gas is supplied from the oxidizer side. The nitrogen–oxygen ratio was controlled to induce flame extinction. The O2 mole fraction is defined as the limit oxygen concentration (LOC) when the flame extinction occurs.



Three detailed reaction mechanisms (GRI 3.0, Nakamura, Okafor) [20,21,22] were adopted to compare and examine closely the flame structure, flammability limits, and combustion characteristics. The optically thin model [23] was used to apply radiation heat loss from CO2, CO, CH4, and H2O. However, Plank-mean absorption coefficients (PMACs) for nitrogen species are not available in optically thin models. Thus, PMACs of nitrogen species were taken from HITRAN 2008 data base [24,25].



Fuel and oxidizer were supplied with the conditions of 298 K and 1~3 atm. The range of global strain rate is 5 < ag > 300, and it is defined [26] as:


   a g  =   2  u o   L   [  1 +    u F     u o         ρ F         ρ o       ]  ,  



(1)




where u and ρ denote the flow velocity and density, respectively, and subscripts O and F represent the oxidizer and fuel streams. The velocities of both fuel and oxidizer stream are kept as same value. L indicates the distance between both nozzles and was fixed as 2 cm.




3.2. Verification of Detail Chemical Reaction Mechanisms


In order to experimentally verify the three detailed chemical reaction mechanisms adopted in this study, a comparative evaluation was conducted with the experimental data measured in previous studies [27,28,29,30,31,32]. Figure 4 shows laminar burning velocities in the ammonia–air premixed gases measured by Takizawa et al. [27] and Pfahl et al. [28] with the calculation results of the three reaction mechanisms adopted in this study. As shown in Figure 4, the Okafor mechanism [22] showed the closest value to the experimental results, and the Nakamura mechanism [21] showed the lowest prediction rate.



In the case of the Okafor mechanism, the flame propagation velocity seems to be very well predicted because the validation was performed at CVCC (Constant Volume Chamber), which can measure the one-dimensional flame propagation velocity with great precision. On the other hand, for the Nakamura mechanism, since the validation was conducted at a micro flow reactor, the prediction rate of flame propagation velocity is somewhat low, but the prediction rate for flammability limits related to ignition and extinction is known to be significantly high. In addition, the prediction rate of the flame propagation velocity under the lean condition is not significantly low. Finally, for GRI mechanism, detailed chemical reaction mechanisms were developed targeting hydrocarbon fuels, so the calculated flame propagation velocity is well predicted with the experimental results at all equivalence ratios but shows quite different ignition characteristics from the other mechanisms [21]. Nevertheless, all three mechanisms obtained a C-curve similar to the experimental results, thereby it can be seen that they well predict the laminar burning velocities in the ammonia–air premixed gases.





4. Computational Results


4.1. Distribution of Adiabatic Flame Temperature and Concentration of Major Species


To estimate thermal properties and combustion characteristics of ammonia fuel, counterflow diffusion flame characteristics according to global strain rate were analyzed. Figure 5 shows maximum flame temperature variation as a function of global strain rate and pressure at XO = 0.21 with various reaction mechanisms. As shown in Figure 5, the adiabatic flame temperature decreased in the order of Okafor, Nakamura, and GRI in the overall global strain rate, and the maximum flame temperature occurred at a turning point between ag = 20~25 s−1. The low strain rate (ag < 20 s−1) flame extinction is responsible for radiative heat loss and the maximum flame temperature beyond the turning point (ag > 25 s−1) decreases with the global strain rate because of the high strain.



Generally, the theoretical flame extinction behaviors at the global strain rate is due to radiative heat loss due to an infinite burner distance at the low global strain rate before the turning point, and the other flame extinction phenomenon at the high strain rate occurs due to flame stretch. Therefore, the identical gas composition has a C-curve form with the turning point [33]. In the case of low strain rate, the flame extinction occurs at flame sheet condition in 1-D similarity concept because the flame thickness can be inversely proportional to the global strain rate and the radiation heat loss depends on the flame thickness. On the other hand, in the case of high strain rate, flame extinction is mainly affected by flame stretching rather than the radiation heat loss [33,34]. In Figure 5, the maximum flame temperature trend also shows a C-curve, which well corresponds with the 1-D similarity concept [33]. It also shows that the radiation mode applied to the reaction mechanisms for this study works effectively.



Figure 6 shows the profiles of mole fraction of major species and the heat release rate (HRR) profile as a function of distance from the fuel nozzle with various strain rates and ambient pressures. The graphs are arranged in the order of the calculation results adopting mechanisms of GRI, Nakamura, and Okafor from the left to the right. Considering Figure 6a, NH3 and O2 are consumed at reaction zone, which results in HRR rise. Interestingly, when ammonia fuel diffuses to the reaction zone, it is pyrolyzed due to the preheating effect from the flame to produce hydrogen.



In general, it is known that a large amount of hydrogen is generated when ammonia is pyrolyzed at the reaction temperature of about 1100~1200 K [35,36], and it is decomposed as follows:


    NH  3  +  M    ⇄   NH  2  + H + M  



(2)






    NH  3  +  H    ⇄   NH  2  +  H 2   



(3)







As a result, due to a large amount of hydrogen generated from the preheating zone in front of the flame, ammonia combustion undergoes a process of simultaneously performing a chemical reaction containing nitrogen hydrides and hydrogen. Additionally, two peaks of HRR profiles are formed in all cases as shown in Figure 6a, and this trend is more clearly shown at low strain rates. To clarify this point, Figure 7 shows binary diffusion coefficients of H2 and NH3 with various ambient pressures when oxygen was adopted as bath gas [37]. As shown in the Figure 7, the diffusion coefficient of H2 (0.816 cm2/s) at 1 atm is about four times higher than that of NH3 (0.219 cm2/s). This indicates that when H2 diffuses into the oxidizer, the penetration depth is relatively larger than that of NH3, which has the effect of increasing the thickness of the reaction zone. Therefore, two peaks in HRR profiles may be observed due to such difference of diffusion coefficients between these two species. Additionally, those HRR profiles imply that not only the ammonia but hydrogen produced by pyrolysis also participates in combustion reaction and contribution to HRR.



When we compare and analyze the applied mechanisms, the derived HRR values are listed in the order of large followed by Nakamura, Okafor, and GRI. Here, Nakamura and Okafor mechanisms derive similar values, while HRR values of GRI are relatively low. Since the GRI mechanism is designed exclusively for CH4 fuel, the chemical reactions of hydrocarbon fuels are well predicted [20]; however, the prediction rate is significantly lower for nitrogen hydrides. On the other hand, in the case of Nakamura and Okafor mechanisms, exclusively designed ammonia fuel [21,22], the prediction rate is relatively higher than that of GRI, and the calculation results of both mechanisms are very similarly derived.



When the global strain rate increases, the mole fraction of hydrogen production reduces because the pyrolysis process becomes limited owing to reduced preheated zone. In general, it is known that an increase in strain rate narrows the preheating zone because the convection and diffusion time of the reactant flowing into the flame surface area decreases [33]. As a result, it can be understood that the flame temperature decreases along with the decreased hydrogen production due to pyrolysis. Nevertheless, as the global strain rate increases, the HRR value in the reaction region increases since the number of reactants per unit time entering to the flame surface increases.



Meanwhile, the results of GRI show a large difference from the flame temperature results derived from other mechanisms at high global strain rates, as shown in Figure 5, because the first peak of the heat release rate was relatively low, as shown in Figure 6a. The reason for this is that, as mentioned earlier, the GRI mechanism is designed exclusively for CH4, so the ammonia pyrolysis process is not well described. As a result, it can be seen that the scale of hydrogen production in GRI only is abnormally larger than that of other mechanisms in Figure 6a.



Figure 6b illustrates the mole fraction of major species and HRR according to various pressures at fixed strain rates (ag = 10 s−1). Overall, it can be seen that as the ambient pressure increases, HRR indicated in two peaks merge into one peak. This is because the difference in the diffusion coefficient between H2 and NH3 decreases. In general, the higher pressure causes the denser the molecules, the less the free path length of the species, and the slower diffusion rate. Figure 7 shows that in both species, the binary diffusion coefficient decreases as the pressure increases. In particular, at 3 atm, the difference in diffusion coefficients between the two species is significantly reduced. Additionally, the penetration depth of hydrogen into oxidizer is significantly reduced as the pressure increases. Thereby, it can be understood that two peaks of HRR are merged.



In addition, it was found that the area of the mole fraction of hydrogen produced by pyrolysis decreased. For this reason, as ambient pressure increases, the density of the reactants increases and the chemical reaction rate enhances due to the increased density of the reactants, resulting in a narrow reaction region consuming the reactants within a finite chemical reaction time. Therefore, due to the narrowed reaction area, the preheating section is reduced, and hydrogen production due to ammonia pyrolysis is bound to decrease. Additionally, the HRR profile increases sharply as ambient pressure increases due to the high reaction rate and the narrowed reaction region.



With ambient pressure increases, the HRR results of the Nakamura mechanism differ from the GRI and Okafor mechanisms. For this reason, as mentioned in Section 3.2, the Nakamura mechanism basically performed the verification based on the experimental results in the micro flow reactor. In other words, verification was not conducted under various pressure conditions. On the other hand, in the case of the Okafor mechanism, since the verification was conducted based on the experimental results in CVCC with various pressure, the combustion properties were well predicted at 2 atm and 3 atm.




4.2. Change in LOC According to Ambient Pressure and Global Strain Rate


Figure 8 shows the limit oxygen concentration (LOC) variation as a function of global strain rate with various ambient pressures for each reaction mechanism. The LOC curve increases with global strain rate regardless of ambient pressure. This implies that with the global strain rate increases, the flammability limit narrows and flame extinction by control of oxygen concentration can be induced relatively easily. The LOC calculated by the Nakamura mechanism has the highest flammability, followed by Okafor and GRI. Additionally, it can be confirmed that the gap of flammability limit between Okafor and GRI mechanisms is getting smaller with increasing ambient pressure. This means that there is no significant difference between Okafor and GRI mechanisms when calculating LOC of ammonia combustion at a high-pressure environment.



The mole fraction of hydrogen production by ammonia pyrolysis also decreases with global strain rate and ambient pressure increase, as shown in Figure 6. Note that the flammability zone is expanded in the LOC chart despite decreased hydrogen production as the pressure increases. It can be understood that gas molecules become dense and the collision frequency increases due to high ambient pressure, resulting in enhanced chemical reaction rate.



Meanwhile, ammonia fuel has lower combustion heat and lower adiabatic flame temperature than hydrogen fuel, so it is not good in terms of combustion efficiency, but ammonia is better than hydrogen fuel in terms of fire suppression. Therefore, the hydrogen production rate due to pyrolysis can be a very important indicator of the flammability evaluation of ammonia combustion and can be the key parameter in terms of fire suppression.



As mentioned in Section 4.1, the flame extinction mechanism at low strain rate can be explained as radiative heat loss. Therefore, in order to devise a fire extinction plan utilizing the radiative heat loss, Okafor mechanism, which is the most valid in terms of prediction rate, has been adopted to additionally calculate the flammability limit at a low strain rate.



Figure 9 shows the variation of adiabatic flame temperature and LOC with and without radiative heat loss at a low strain rate. As shown in the figure, the difference between    1   T  m a x       with radiative heat loss and    1   T  m a x       without radiative heat loss seems to vary significantly at ag < 40. However, if it is not in inverse form, the difference between the two values is negligibly small. Therefore, the effect of radiation heat loss on LOC could not be clearly observed because the radiative heat transfer from ammonia flame is relatively lower than that of hydrocarbon flame owing to a lack of CO2 in its products [33,38].




4.3. Flame Extinction Curve


In general, Karlovitz number (Ka) is widely adopted as an evaluation factor for characterizing flame extinction behavior [39,40]. Ka number can be defined as the ratio of characteristic chemical reaction time to characteristic flow time, and the definition equation is as follows:


  K a =   δ /  u f    δ /  S L    =    S L     u f     



(4)







Here, δ, uf, and SL mean the flame thickness, the flow velocity, and laminar burning velocity, respectively. It is known that flame extinction occurs when Ka number exceeds the threshold value [39,40].



Meanwhile, in the case of Ka number, only the flame extinction mechanism due to flame stretch at a high strain rate can be explained. Therefore, in order to obtain the overall flame extinction curve of ammonia combustion, Peclet number (Pe), which can describe the flame extinction mechanism due to heat losses at a low strain rate, was additionally adopted. The Pe number is defined as the ratio of the advective transport rate to the diffusive transport rate:


  P e =   L  u f   α   



(5)







Here, α means the thermal diffusivity. The Pe number used in the combustion field is related to flame stabilization, and it is known that if the Pe number is larger than the critical value, Pecrit, the flame becomes unstable due to strong convectional force. Conversely, when the Pe number is smaller than Pecrit, thermal diffusion from the flame is strong, and thus the response of the reaction region to external disturbance is insensitive, so that a stable combustion state can be implemented [41,42,43].



Figure 10 shows the critical Ka at flame extinction versus Pe for all tested conditions in this study to examine the feature of flame extinction. All experimental conditions are described into one curve regardless of the ambient pressure, global strain rate, and the detailed chemical reaction mechanisms adopted as computational variables.



As described above, when the Pe number is smaller than Pecrit, it is very difficult to induce flame extinction by adjusting the Pe number because the thermal diffusivity is large and the flame is formed as a stable state. Therefore, as shown in Figure 10, it is effective to induce flame extinction by slightly increasing Ka number. On the other hand, when Pe number is large, the flame has a small thermal diffusivity and the flame is formed as an unstable state. Thereby, flame extinction occurs relatively more easily than when the Pe number is small due to the narrowed flammability zone. In addition, considering the fixed Ka number, it is considered effective to construct a large Pe number by inducing gas composition with low thermal diffusivity to induce flame extinction.





5. Conclusions


This study conducted 1-D numerical simulations to establish fire suppression measures when ammonia leaks from high-pressure storage containers, especially focusing on the flammability limit according to oxygen concentration. Ambient pressure and global strain rate were selected as evaluation factors. Three detailed chemical reaction mechanisms were adopted to characterize the flame extinction curve of ammonia combustion. The simulation results can be summarized as described below:




	
Ammonia combustion underwent a process of simultaneously performing a chemical reaction containing nitrogen hydrides and hydrogen due to a large amount of hydrogen generated from the preheating zone in front of a flame. Hydrogen produced by pyrolysis resulted in the formation of two peaks in HRR profile and an increase in reaction thickness due to the high diffusion coefficient of hydrogen;



	
As the strain rate increases, the adiabatic flame temperature decreases with the relatively small amount of hydrogen produced by pyrolysis due to the thinner preheating thickness. As the ambient pressure increases, HRR indicated in two peaks merge into one peak. Additionally, HRR profile increases sharply due to the high reaction rate and the narrowed reaction region;



	
LOC curve increases with global strain rate regardless of ambient pressure. This implies that the flammability limit narrows, and the flame extinction by control of oxygen concentration can be induced relatively easily;



	
Hydrogen production rate due to pyrolysis can be a very important indicator of the evaluation of ammonia combustion flammability and can be the key parameter in terms of fire suppression;



	
Based on the result of LOC analysis as a function of global strain rate, Karlovitz and Peclet numbers showed well the extinction behaviors of ammonia combustion;



	
Comparing the performance of the three detailed chemical reaction mechanisms used in this work to evaluate the combustion characteristics of ammonia fuel, the GRI 3.0 and Okafor mechanisms predicted high rates of flame propagation velocity; the Okafor mechanism captured well the combustion characteristics under high-pressure conditions.
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Figure 1. Flammable range of various alternative fuels. 






Figure 1. Flammable range of various alternative fuels.



[image: Energies 15 00520 g001]







[image: Energies 15 00520 g002 550] 





Figure 2. Schematic diagram of (a) fire prevention system for ammonia tank and (b) ventilation system composed of coaxial flow structure proposed in this study. 
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Figure 3. Schematic geometry of counterflow diffusion flame for simulation. 
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Figure 4. Comparison of the computed (line) and measured (symbols) laminar burning velocity as a function of equivalence ratio for ammonia–air mixture. 
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Figure 5. Maximum flame temperature as a function of global strain rate and pressure at XO = 0.21 with various reaction mechanisms. 
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Figure 6. Mole fractions of major species and heat release rate (HRR) with distance from fuel nozzle (a) various strain rate of ag = 10, 50, 150 s−1 at a constant pressure of 1 atm, (b) various ambient pressure of P = 1, 2, 3 atm at a constant strain rate of ag = 10 s−1; It is arranged in the order of mechanisms of GRI, Nakamura, and Okafor from the left to the right. 






Figure 6. Mole fractions of major species and heat release rate (HRR) with distance from fuel nozzle (a) various strain rate of ag = 10, 50, 150 s−1 at a constant pressure of 1 atm, (b) various ambient pressure of P = 1, 2, 3 atm at a constant strain rate of ag = 10 s−1; It is arranged in the order of mechanisms of GRI, Nakamura, and Okafor from the left to the right.



[image: Energies 15 00520 g006]







[image: Energies 15 00520 g007 550] 





Figure 7. Binary diffusion coefficients in O2 of H2 and NH3 with various ambient pressures. 
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Figure 8. Limit oxygen concentration (LOC) variation as a function of global strain rate with various ambient pressure. 
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Figure 9. Variation of adiabatic flame temperature and LOC with and without radiative heat loss at low strain rate by adopting Okafor mechanism. 
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Figure 10. Critical Karlovitz number at flame extinction versus Peclet number for all tested conditions in this study. 
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