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formulae. 
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Abstract 1 

This study investigates the flammability limits and explosion pressures of al-2 

kane–alkane–nitrous-oxide (N2O) mixtures and corresponding alkane–alkane–O2 mixtures at an ini-3 

tial pressure of 101.3 kPa and an initial temperature of approximately 20 °C. In addition, the present 4 

study assesses whether Le Chatelier’s rule holds for binary alkane mixtures in N2O. In this study, 5 

methane (CH4), ethane (C2H6), propane (C3H8), n-butane (C4H10), and n-pentane (C5H12) were used 6 

as fuels. The results clearly indicated that the lower and upper flammability limits of binary al-7 

kane–N2O mixtures are smaller than those of the corresponding binary alkane–O2 mixtures. Fur-8 

thermore, Le Chatelier’s formula successfully predicted the lower and upper flammability limits of 9 

binary alkane mixtures in N2O. 10 

 11 
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 1 

Abbreviations 2 

a1–a7  Coefficients in the thermodynamic formulae 3 

AFT  Adiabatic flame temperature (K) 4 

C  Constant 5 

cp  Heat capacity at constant pressure (J mol
−1

 K
−1

) 6 

cp, k  Heat capacity of product k at an adiabatic flame temperature (J mol
−1

 K
−1

) 7 

cp, total  Heat capacity for the total product at an adiabatic flame temperature (J mol
−1

 8 

K
−1

) 9 

H  Enthalpy (J mol
−1

) 10 

Hi  Combustion enthalpy of fuel, i (kJ mol
−1

) 11 

HN2O  Decomposition enthalpy of nitrous oxide (kJ mol
−1

) 12 

KG  Deflagration index (bar m s
−1

)13 

LFL  Lower flammability limit (vol%) 14 

LFLT  Lower flammability limit at a given temperature (vol%) 15 

LFLT0  Lower flammability limit at ambient temperature (vol%) 16 

n  Number of fuels 17 

P  Explosion pressure (MPa) 18 
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p  Pressure (Pa) 1 

R  Gas constant (J mol
−1

 K
−1

) 2 

S  Entropy (J mol
−1

 K
−1

) 3 

T  Temperature (K) 4 

T0  Ambient temperature (K) 5 

UFL  Upper flammability limit (vol%) 6 

xi  Mole fraction of flammable gas, i, on a fuel basis (dimensionless) 7 

[xk]  Molar concentration of chemical species, k (mol m
−3

) 8 

yk  Mole fraction of product, k (dimensionless) 9 

 10 

Greek letters 11 

  Diameter (mm) 12 

 13 

Subscripts 14 

f  Fuel 15 

mix  Mixture 16 

 17 

 18 



5 

 

 1 

 2 

1. Introduction 3 

 4 

Chemical plants handling large amounts of flammable gases and liquids pose various risks (Pruph, 5 

2016). Accidental explosions, fires, and chemical releases by the chemical industry may lead to cas-6 

ualties, environmental damage, and huge economic loss (Li et al., 2015; Gant and Atkinson, 2011; 7 

CSB, 2007; Balasubramanian and Louvar, 2004; Wakakura and Iiduka, 1999); thus, such accidents 8 

must be prevented. In particular, severe explosion accidents at chemical plants tend to attract con-9 

siderable public attention as they are highly publicized; this effect is known as the “social amplifica-10 

tion of risk” (Slovic, 2011). The social amplification framework indicates that the public’s adverse 11 

reactions and severe social impacts sometimes occur even if the risk events result in only minor 12 

consequences. Hence, gaining an insight into the explosive characteristics (e.g., flammability limits 13 

and explosion pressure) is of great help in ensuring safe operation. 14 

   A number of studies have reported the explosive characteristics of fuel–air and fuel–O2 mixtures, 15 

including their lower and upper flammability limits (LFL and UFL, respectively) and their explosion 16 

pressures (P) (Britton, 2002; Pekalski et al., 2005). If the ignition energy is sufficient to initiate 17 

flame propagation, the explosive characteristics generally depend on experimental conditions such as 18 
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initial temperature, initial pressure (Van den Schoor and Verplaetsen, 2006), vessel size and shape 1 

(Razus et al., 2009), and quiescent or turbulent conditions. Cashdollar et al. (2000) reported that the 2 

UFL value of a propane–air mixture in a 120 L chamber is slightly lower than that in a flammability 3 

tube. Mashuga and Crowl (2000) revealed that deflagration index (KG) values strongly depend on 4 

humidity. 5 

   Nitrous oxide (N2O, also known as laughing gas) is a colorless gas under ambient conditions and 6 

has widely been used by industries as a nitriding and oxidizing gas (Imamura and Tokiwa, 2007; 7 

Bose et al., 2000). Unfortunately, some accidental explosions caused by nitrous oxide have been re-8 

ported; for instance, a tank car explosion in the Netherlands injured 11 people and damaged the im-9 

mediate surroundings (Sonnemans and Körvers, 2006), and a gas cylinder explosion in Japan killed 10 

two students and injured five people (Hirano, 2004). Such accidental explosions arise due to the na-11 

ture of nitrous oxide, i.e., it is thermodynamically unstable and its decomposition to N2 and O2 read-12 

ily commences at approximately 600 °C (Trogler, 1999) according to Eq. (1): 13 

 14 

kJ/mol182O
2

1
NON ON222 2

.H,  ,                (1) 15 

 16 

where HN2O is the decomposition enthalpy of N2O. 17 

To assess the risks of explosion, the estimation as well as point-by-point measurement of the 18 
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flammability limits and explosion pressures of these mixtures is crucial. For fuel–air mixtures, Eq. 1 

(2) shows the relationship between the LFL and the enthalpy of combustion, Hi, for a fuel, i, based 2 

on the Burgess–Wheeler law (Rowley et al., 2010): 3 

 4 

.
LFL

C
H

i

i                                      (2) 5 

 6 

where LFLi is the LFL for fuel i and C is a constant. Here the total enthalpy of combustion of a mul-7 

tiple-fuel mixture, Hmix, is given by 8 

 9 

,mix ii HxH                                    (3) 10 

 11 

where xi is the mole fraction of flammable gas i on a fuel basis. Here, xi obeys the following equa-12 

tion: 13 

 14 

1
1




n

i

ix .                         (4) 15 

 16 

Substituting Eq. (2) into Eq. (3) yields Le Chatelier’s formula, a method for estimating LFLs (Coro-17 

nado et al., 2014): 18 
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where LFLmix is the LFL for a flammable mixture. Even for elevated temperatures, Le Chatelier’s 4 

equation can be applied (Hustad and Sønju, 1988); furthermore, for the UFLs of mixtures in air, a 5 

similar equation holds to some extent (Eq. (6)): 6 

 7 

,

UFL

x
UFL

n

i i

i




1

mix

1                            (6) 8 

 9 

where UFLi is the UFL for flammable gas i. Note that Le Chatelier’s rule does not always hold for 10 

upper-limit mixtures for mixtures containing unsaturated hydrocarbons (e.g., ethylene), diethyl ether, 11 

and carbon monoxide (Zhao et al., 2009, Kondo et al., 2007). Thus, modifying the formula is often 12 

required. Le Chatelier’s formulae are used under the following inherent assumptions (Crowl and 13 

Louvar, 2011a): the product heat capacities are constant, the combustion kinetics of the component 14 

gases are independent of one another and unchanged, and the adiabatic flame temperature (AFT) of 15 

each gas at its flammability limit is nearly identical. 16 

Unlike fuel–air mixtures, few studies have been published on fuel–N2O mixtures in the literature. 17 
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For instance, Pfahl et al. (2000) reported the flammability limits of H2–N2O–N2, CH4–N2O–N2, 1 

NH3–N2O–N2, and NH3–N2O–air mixtures at an initial pressure and temperature of 100 kPa and 295 2 

K, respectively. Shebeko et al. (2003) demonstrated the flammability limits of CH4–N2O–CHF3, 3 

CH4–O2–N2–CHF3, and H2–N2O–fluorinated-hydrocarbon mixtures. Koshiba et al. (2010) reported 4 

the flammability limits of (C2H5)2O–N2O, (C2H5)2NH–N2O, and C3H7CHO–N2O mixtures. However, 5 

it is unknown whether Le Chatelier’s rule holds for fuel–N2O mixtures. 6 

   The objectives of the present study are to experimentally investigate the flammability limits and 7 

explosion pressures of fuel–fuel–N2O (binary fuel–N2O) mixtures at an initial pressure of 101.3 kPa 8 

and an initial temperature of approximately 20 °C. This study employed five paraffinic hydrocarbons 9 

(CnH2n+2) as fuels: methane (CH4), ethane (C2H6), propane (C3H8), n-butane (n-C4H10), and 10 

n-pentane (n-C5H12). In addition to their explosive characteristics, this study assessed whether Le 11 

Chatelier’s rule holds for binary alkane–N2O mixtures. 12 

 13 

2. Material and Methods 14 

 15 

2.1 Chemicals and gases 16 

 17 

The dry methane, ethane, propane, n-butane, nitrous oxide, oxygen, and nitrogen used in this study 18 
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have purities of >99.999, >99.7, >99.99, >99.95, >99.99, >99.99, and >99.99%, respectively. 1 

n-Pentane (purity: >99.5%) was dried by passing through molecular sieves prior to use. All the fuels 2 

and gases tested were used without further purification. 3 

 4 

2.2 Experimental procedures 5 

 6 

Fig. 1 illustrates the experimental apparatus, which is identical to that used for a previous study 7 

(Koshiba et al., 2015). The closed, cylindrical stainless-steel vessel with a diameter of 100 mm and a 8 

height of 120 mm includes a fan for stirring, two tungsten electrodes ( 1.0 mm) for ignition, and 9 

two pressure transducers. The pressure transducer (PGM-H, Kyowa Electronic Instruments Co., Ltd., 10 

Japan) placed on the side wall of the explosion vessel was used to observe the explosion pressure, 11 

whereas another pressure transducer (PTI-S, Swagelok, USA) located on top of the vessel was used 12 

to measure the partial pressures of the component gases. 13 

   Fig. 2 represents the flowchart of the explosion experiment. Prior to each explosion trial, the ex-14 

plosion vessel was sufficiently evacuated using a vacuum pump. The flammable mixtures were pre-15 

pared using the partial-pressure method and then well mixed using the fan at 1,000 rpm for one mi-16 

nute. Under the quiescent condition, each mixture was ignited at the center of the explosion vessel 17 

with an electric-spark discharge between the electrodes; the igniter was consistently capable of 18 
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providing 18 J of energy. Each pressure history was recorded in a personal computer through a 1 

measuring unit (NR-ST04 and NR-500, Keyence Co., Japan), and the spark discharge between the 2 

electrodes was used as a trigger for recording data. In this study, a 7% pressure-rise criterion for ex-3 

plosion was employed, and all explosion trials were conducted at an initial pressure of 101.3 kPa and 4 

an initial temperature of approximately 20 °C. Each measurement was repeated three times to con-5 

firm the reproducibility and the average explosion pressure for each mixture was determined fol-6 

lowing the three trials. 7 

 8 

2.3 Thermochemical equilibrium calculations 9 

 10 

In order to compute the adiabatic flame temperatures for lower- and upper-limit mixtures, thermo-11 

chemical equilibrium calculations were conducted using the CHEMKIN program (ver. 4.1.1, Kee et 12 

al., 2007). For the mixtures not containing nitrogen, the following 26 chemical species were consid-13 

ered: C, CO, CO2, CH, CH2, CH3, CH4, C2, C2H2, C2H4, C2H5, C2H6, C3, C4, C5, C6H6, the fuel (i.e., 14 

CH4, C2H6, C3H8, n-C4H10, and n-C5H12), H, H2, OH, HO2, H2O, H2O2, O, O2, and HCO. For the 15 

mixtures containing N2O or N2, the following eight chemical species were further added: CN, N, N2, 16 

NO, NO2, N2O, NH, and HNO. 17 

The thermodynamic coefficients (a1–a7) of the chemical species in the following equations were 18 
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extracted from the NASA Glenn Thermodynamic Database (2001). 1 

 2 
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where cp, R, a1–a7, T, H, and S are the heat capacity, gas constant, coefficients, temperature, enthalpy, 10 

and entropy, respectively. The CHEMKIN program uses a general equation of state: 11 

 12 


k

RTxp ][ k
,                                   (10) 13 

 14 

where p and [xk] are pressure and molar concentration of chemical species k, respectively. 15 

 16 

3. Results and discussion 17 

 18 
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The explosion vessel used in this study is discussed here. In general, for explosion experiments, the 1 

use of a standard vessel is recommended; for instance, ASTM (2015) employed a 5-L vessel and EN 2 

1839 method B (2012) used a cylindrical or spherical vessel with a volume of >5 L. This is because 3 

when a vessel is small, the influence of flame quenching at the vessel-wall surface (i.e., heat loss) 4 

may not be negligible, perhaps narrowing the flammability range and reducing the observed explo-5 

sion pressure (Razus et al., 2006). The vessel volume in the present study is smaller than that of 6 

standard vessels; in other words, the vessel used in this study has a higher surface-area to ves-7 

sel-volume ratio than that of the standard vessels described above. However, for a CH4–air mixture, 8 

the LFL and UFL values observed are nearly identical to the literature values (in the present study, 9 

LFL: 5.2 vol%, UFL: 15.3 vol%; literature, LFL: ca. 5 vol%, UFL: ca. 15 vol%) (Kundu et al., 2016; 10 

Crowl and Louvar, 2011b). 11 

 12 

3.1 Explosion pressure 13 

 14 

Fig. 3 shows the observed explosion pressures for the stoichiometric CH4–C5H12–N2O–N2 mixtures. 15 

In this section, the mixtures were diluted with 30-vol% N2; in other words, the mixture was com-16 

posed of 70-vol% CH4–C5H12–N2O and 30-vol% N2. The variable xCH4 represents the CH4 mole 17 

fraction in the fuel (i.e., CH4–C5H12): 18 



14 

 

 1 

1254

4
CH

HCCH

CH
4 
x .                            (11) 2 

 3 

When xCH4 = 0, 0.25, 0.50, 0.75, and 1, the observed explosion pressures for the 4 

CH4–C5H12–N2O–N2 mixtures were found to be 1.52, 1.48, 1.45, 1.40, and 1.25 MPa, respectively. 5 

Thus, the explosion pressure decreased gradually with an increase in xCH4, which occurred because 6 

n-pentane exhibits a higher reactivity than methane (Cashdollar et al., 2000). The adiabatic pressures 7 

(i.e., the theoretical pressures determined by the thermochemical equilibrium calculations) and the 8 

AFTs for the stoichiometric CH4–C5H12–N2O–N2 mixtures are also plotted in this figure. The AFT 9 

values were independent of xCH4. 10 

Interestingly, there were no significant differences between the experimental and computed ex-11 

plosion pressures (maximum difference: ±0.04 MPa). The adiabatic pressure is generally higher than 12 

the experimental explosion pressure because of heat losses (Salzano et al., 2012). Cashdollar et al. 13 

(2000) reported that the experimental explosion pressures for methane–air mixtures are lower than 14 

their calculated pressures despite using 20 L and 120 L explosion vessels. Zhang and Ng (2015) 15 

clearly demonstrated that the experimental explosion pressures significantly differ from the corre-16 

sponding theoretical pressures for methane–dimethyl ether–air mixtures in a closed 20 L vessel. 17 

However, as shown in this figure, the explosion pressures observed in this study agree well with the 18 
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adiabatic pressures computed using the CHEMKIN program. Thus, the result obtained from this 1 

study is of great interest and reflects that the heat loss is negligible even when a relatively small ex-2 

plosion vessel is used. 3 

 4 

 5 

3.2 Lower flammability limit and the applicability of Le Chatelier’s law 6 

 7 

Fig. 4 shows the variations of the LFLs as functions of xC2H6 for the C2H6–C4H10–N2O mixtures. In 8 

this study, the LFL is given on a vol% basis. The variable xC2H6 denotes the C2H6 mole fraction in 9 

the fuel (i.e., C2H6–C4H10), varying from xC2H6 = 0 (i.e., pure C4H10 in N2O) to xC2H6 = 1 (i.e., pure 10 

C2H6 in N2O): 11 

 12 
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 14 

The LFLs for the corresponding C2H6–C4H10–O2 mixtures are also plotted. In this figure, open 15 

squares and circles represent the LFLs for the mixtures containing N2O and O2, respectively. The 16 

LFL values for the C2H6–C4H10–N2O mixtures were determined to be 1.1, 1.2, 1.4, 1.4, 1.5, and 1.7 17 

vol% when xC2H6 = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. On the other hand, those for the 18 
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C2H6–C4H10–O2 mixtures were 2.3, 2.5, 2.8, 3.0, 3.4, and 4.0 in the cases where xC2H6 = 0, 0.2, 0.4, 1 

0.6, 0.8, and 1.0, respectively. The binary alkane–N2O mixtures exhibited smaller LFLs than the 2 

corresponding binary alkane–O2 mixtures. Comparisons of the experimentally observed data (open 3 

symbols) with the solid and dashed curves obtained from Eq. (5) clearly indicate that the experi-4 

mental data were successfully fitted by the calculated curves with an accuracy of ±0.1 vol%. We also 5 

confirmed that Eq. (5) fits the observed LFL values for the CH4–C2H6–N2O, CH4–C3H8–N2O, and 6 

CH4–C4H10–N2O mixtures, as well as for the corresponding CH4–C2H6–O2, CH4–C3H8–O2, and 7 

CH4–C4H10–O2 mixtures (data not shown). Furthermore, Fig. 4 also shows that the adiabatic flame 8 

temperatures for the lower-limit C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures were independent 9 

of xC2H6, which is due to the virtually identical AFTs for C2H6 and C4H10 in N2O at their LFLs. 10 

Fig. 5 depicts the chemical compositions of the major chemical species with mole fractions of 11 

>10
−6

 at the lower-limit C2H6–C4H10–N2O mixture and total-product heat capacities calculated ac-12 

cording to Eq. (13). 13 

 14 

  kk ycc  p, totalp,
,                           (13) 15 

 16 

where cp, total, cp, k, and yk, are total-product heat capacity, heat capacity of product k, and mole frac-17 

tion of product species k. The calculations confirmed that the N2O mole fraction was on the order of 18 
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10
−6

, thus implying that almost all N2O decomposed into O2 and N2 (according to Eq. (1)). As de-1 

scribed previously, Le Chatelier’s formulae are derived using the assumption that the product heat 2 

capacities are constant and the adiabatic flame temperature of each mixture at its flammability limit 3 

is the same. As shown in this figure, each chemical composition remained constant for various val-4 

ues of xC2H6 and there were no significant differences in the heat capacities for the lower-limit mix-5 

tures containing N2O. In addition, as stated previously, the adiabatic flame temperatures for the mix-6 

tures were nearly constant (see Fig. 4). Hence, Le Chatelier’s rule was determined to hold for the 7 

lower-limit C2H6–C4H10–N2O mixtures. Needless to say, it does not hold in situations where low-8 

er-limit mixtures do not satisfy the assumptions. 9 

A similar trend for the adiabatic flame temperatures and chemical compositions was observed for 10 

the lower-limit C2H6–C4H10–O2 mixtures. 11 

 12 

3.3 Upper flammability limit and the applicability of Le Chatelier’s law 13 

 14 

Fig. 6 shows the UFLs as functions of xC2H6 for the C2H6–C4H10–N2O and corresponding 15 

C2H6–C4H10–O2 mixtures. In this study, the UFL is given in terms of vol%. The variable xC2H6 also 16 

represents the C2H6 mole fraction in the fuel (i.e., C2H6–C4H10), varying from 0 (i.e., pure C4H10 in 17 

N2O) to 1 (i.e., pure C2H6 in N2O). The UFL values for the C2H6–C4H10–N2O mixture were found to 18 
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be 20.0, 31.5, 23.2, 25.4, 28.1, and 31.4 vol% when xC2H6 = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. 1 

However, the UFL values for the C2H6–C4H10–O2 mixtures were 36.9, 38.6, 40.9, 43.4, 46.7, and 2 

50.0 vol% in the cases where xC2H6 = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. The binary al-3 

kane–N2O mixtures exhibited smaller UFLs than the corresponding binary alkane–O2 mixtures. As 4 

shown in this figure, each curve calculated from Eq. (6) was adequate to predict the UFLs for the 5 

C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures with an accuracy of ±0.4 vol%. We also confirmed 6 

that Eq. (6) fits the observed LFL values for CH4–C3H8–N2O and the corresponding CH4–C3H8–O2 7 

mixtures (data not shown). Adiabatic flame temperature calculations revealed nearly constant flame 8 

temperatures for the C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures (C4H10–N2O: 1833 K, 9 

C2H6–N2O: 1857 K and C4H10–O2: 1413 K, C2H6–O2: 1343 K). 10 

Fig. 7 depicts the chemical composition of the main species with mole fractions of >10
−6

 at the 11 

upper-limit C2H6–C4H10–N2O mixture. Although the mole fractions of H2O (ca. 10
−3

–10
−2

) and CO2 12 

(ca. 10
−4

–10
−3

) increased with an increase in xC2H6, no significant overall differences seemed to be 13 

present among the xC2H6 = 0–1 mixtures. As seen in Figs. 6 and 7, the similar trends were observed 14 

in the calculated equilibrium compositions and adiabatic flame temperatures for the upper-limit 15 

C2H6–C4H10–N2O mixtures to the lower-limit mixtures. The results regarding the AFTs, chemical 16 

compositions, and total-product heat capacities clearly indicated that Le Chatelier’s rule holds even 17 

for the upper-limit C2H6–C4H10–N2O mixtures. 18 
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Unfortunately, few data on the explosion properties of various fuel–nitrous-oxide mixtures are 1 

available in the literature. Here, a comparison of limits of CH4–N2O mixtures is made. Table 1 sum-2 

marizes the LFL and UFL values of CH4–N2O mixtures given in the present study and the previous 3 

study (Koshiba et al., 2015), together with their flammability limits reported in the literature 4 

(Shebeko et al., 2013, Pfahl et al., 2000). Pfahl et al. and Shebeko et al. reported 2.5–3.0 vol% and 5 

2.0 vol% of LFL for a CH4–N2O mixture, respectively. Thus, nearly the same LFL values, within 6 

experimental error, were achieved in the literature and present study. For the UFL of the CH4–N2O 7 

mixture, a UFL value of 42.4 vol% given in the present study also agreed well with the literature 8 

values (Shebeko et al., 2013: 47.0 vol%; Pfahl et al., 2000: 43–50 vol%). 9 

Note that, as described previously, the explosion properties of flammable mixtures vary depend-10 

ing on experimental conditions. For instance, lower flammability limits exhibit initial temperature 11 

dependence and Eq. (14), which is also known as the modified Burgess–Wheeler rule, holds. 12 

 13 
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 15 

where LFLT, LFLT0, T0, and Hf are the lower flammability limit at a given temperature, lower 16 

flammability limit at ambient temperature, ambient temperature, and combustion enthalpy of a fuel, 17 

respectively. Chemical industries deal with flammable mixtures under various process conditions; 18 
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hence, further work is required to elucidate the influence of process conditions on the explosion 1 

properties for alkane–N2O mixtures. 2 

In the chemical and process industries, avoiding flammable mixtures, preventing explosions 3 

from starting, and mitigating the damage caused by an explosion are growing more important for 4 

reducing the risks of explosion and fire. The preventive measurements include inerting (Chen et al., 5 

2009), reducing pressure (Coronado et al., 2014), and controlling fuel concentrations (Le et al., 6 

2013). In any case, for the flammable mixtures containing nitrous oxide, appropriate measurements 7 

should be taken to reduce the risks of explosion and fire. 8 

 9 

4. Conclusions 10 

 11 

The present study experimentally investigated the flammability limits and explosion pressures for 12 

binary alkane mixtures in N2O at an initial pressure of 101.3 kPa and an initial temperature of ap-13 

proximately 20 °C; in addition, for binary alkane mixtures in N2O, the applicability of Le Chatelier’s 14 

rule was evaluated. Based on the results presented in this study, the main conclusions are summa-15 

rized as follows: 16 

1. Binary alkane–N2O mixtures exhibited smaller LFL and UFL values than the corresponding 17 

binary alkane–O2 mixtures. 18 
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2. Le Chatelier’s rule was found to hold for lower- and upper-limit binary alkane–N2O mixtures, 1 

thus allowing the prediction of their LFLs and UFLs. 2 

3. The explosion pressures for binary alkane–N2O mixtures were higher than those for the corre-3 

sponding binary alkane–O2 mixtures. 4 

 5 

The experimental results given in this study provide a clue to understanding the explosion character-6 

istics of fuels in nitrous oxide. 7 

 8 
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Figure captions 7 

 8 

Figure 1 9 

Schematic of the experimental apparatus for the explosion tests. 10 

 11 

Figure 2 12 

Flowchart of the explosion experiment. 13 

 14 

Figure 3 15 

The observed explosion pressures (○), computed adiabatic pressures (solid curve), and adiabatic 16 

flame temperatures (dashed curve) for the stoichiometric CH4–C5H12–N2O–N2 mixtures. The varia-17 

ble xCH4 denotes the CH4 mole fraction in the fuel CH4–C5H12. As described in the text, the N2 con-18 
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centration was fixed at 30 vol%. 1 

 2 

Figure 4 3 

Values of LFL and AFT for the C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures as functions of the 4 

C2H6 mole fractions in the fuels. The open and closed symbols denote the LFLs and AFTs, respec-5 

tively. The square and circle symbols represent the lower-limit C2H6–C4H10–N2O and 6 

C2H6–C4H10–O2 mixtures, respectively. The dashed and solid curves are calculated from Eq. (5) for 7 

the lower-limit C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures, respectively. 8 

 9 

Figure 5 10 

Calculated equilibrium compositions for lower-limit C2H6–C4H10–N2O mixtures. In this figure, only 11 

the main chemical species with mole fractions of >10
−6

 were plotted against xC2H6 (xC2H6 = 0: pure 12 

C4H10 in N2O and xC2H6 = 1.0: pure C2H6 in N2O). The solid curve represents the total-product heat 13 

capacity for lower-limit C2H6–C4H10–N2O mixtures, which is calculated from Eq. (13). 14 

 15 

Figure 6 16 

UFL and AFT values for C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures as a function of the C2H6 17 

mole fraction in the fuels. The open and closed symbols denote the UFLs and AFTs, respectively. 18 
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The lozenge and hexagonal symbols represent the upper-limit C2H6–C4H10–N2O and 1 

C2H6–C4H10–O2 mixtures, respectively. The dashed and solid curves are calculated from Eq. (6) for 2 

the upper-limit C2H6–C4H10–N2O and C2H6–C4H10–O2 mixtures, respectively. 3 

 4 

Figure 7 5 

Calculated equilibrium compositions for upper-limit C2H6–C4H10–N2O mixtures. In this figure, only 6 

the main chemical species with mole fractions of >10
−6

 are plotted against xC2H6 (xC2H6 = 0: pure 7 

C4H10 in N2O and xC2H6 = 1.0: pure C2H6 in N2O). The solid curve represents the total-product heat 8 

capacity for upper-limit C2H6–C4H10–N2O mixtures, which is calculated from Eq. (13). 9 
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 5 

Table caption 6 

Table 1 7 

Lower and upper flammability limits for the methane–nitrous-oxide mixture. 8 



 

  Shebeko et al., 2013 Pfahl et al., 2000 Koshiba et al., 2015 

LFL (vol%) 2.0 2.5–3.0 2.5 

UFL (vol%) 47.0 43–50 42.4 
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Initial temperature Ambient temperature 295 K 293 K 

Initial pressure 1 atm 100 kPa 101.3 kPa 

Ignition energy (J) 2 8 18 

Vessel volume (L) 4.2 11.25 0.94 
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