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Abstract

A novel method of predicting flammability limits has been proposed. This method utilizes a new
flammability index calledF-number. For this purpose, an empirical expression ofF-number has been
derived to account for the flammability characteristics of various organic substances. The analysis
has been done by fitting to the observed values ofF-number for a wide variety of organic gases and
vapors. As a result, it has been found thatF-number is an excellent tool to analyze the flammability
characteristics of various substances. It has also been shown that the values of upper and lower
flammability limits can be derived fromF-number together with the stoichiometric concentration
corrected for the effect of selective diffusion. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The flammability limit is a well-established index for representing the flammability char-
acteristics of gases and vapors. There is a large volume of flammability limits data obtained
by using various methods [1–3]. However, it is not necessarily easy to understand the true
flammability characteristics of individual gases solely from the flammability limits data.
For example, it is recognized that the flammability characteristics of methane, ethane, and
propane are very similar to each other, whereas their values of flammability limits are quite
different, e.g. the flammable range of methane is said to be 5.0–15.0, that of ethane 3.0–12.4,
and that of propane 2.1–9.5.
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In a previous paper [4], we have presented an index calledF-number to address the
flammability characteristics in terms of one unique number for each substance. The defini-
tion of F-number is as follows:

F = 1 −
(

L

U

)0.5

(1)

HereL is the lower flammability limit andU the upper flammability limit. It is noted that
F-number takes values ranging from zero to unity depending on the degree of flammability
of substances. Therefore, it can conveniently be used to classify the hazardous properties of
various flammable gases and vapors. For example, flammable gases withF-number values
of 0.0–0.2 are classified as vaguely flammable, those of 0.2–0.4 weakly flammable, those
of 0.4–0.6 normally flammable, those of 0.6–0.8 strongly flammable, and those of 0.8–1.0
super flammable.

In the present paper, it is shown thatF-number can be expressed by an analytical equation
in terms of molecular parameters. The value ofF-number for unknown compounds can be
predicted by using this equation. On the other hand, it has been found that the geometric mean
of upper and lower flammability limits can be obtained from the stoichiometric concentration
corrected for the effect of selective diffusion. Then, the upper and lower flammability limits
of unknown compounds can be obtained from the predicted value ofF-number together
with the geometric mean of both limits.

2. Results and discussion

2.1. Analytical expression of F-number

The flammable property comes from the chemical reactivity against oxygen gas. The most
important factors that determine the flammability of a substance are the heat of combustion
on one hand and the gross activation energy for the combustion reaction on the other.
These factors are functions of the chemical structure of the molecule. In other words, they
are functions of the kinds and numbers of chemical bonds and chemical groups in the
molecule. Therefore, it is expected thatF-number can also be expressed by an analytical
form in terms of various bonds and groups which constitute the molecule. The analytical
form of F-number may depend on the way we recognize the molecular structure.

As an example, the saturated hydrocarbon molecules such as methane, ethane, and
propane have carbon skeletons covered with hydrogen atoms. There are other molecules
in which some of hydrogen atoms in the saturated hydrocarbons are replaced by some
other atoms or by some chemical groups. There are also many molecules that have double
bonds and/or triple bonds in the carbon skeleton. It is also not rare that we encounter such
molecules as having ring structures. All these structural factors have to be taken into account
to build-up an analytical expression ofF-number. The problem is how to take into account
all these factors.

There are two main components that determine the chemical structures of organic
molecules: one is the actual form of carbon skeleton and the other is the substitution for
hydrogen atoms. The effects of various changes in the carbon skeleton may essentially
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contribute additively to determine the value ofF-number. Therefore, the terms correspond-
ing to the individual changes in the carbon skeleton should be added together to give the
final expression ofF-number. Similarly, the effects of various substitutions for hydrogen
atoms may work additively to determineF-number. On the other hand, the effect of changes
in the carbon skeleton and that of substitution for hydrogen atoms may work synergetically.
Therefore, the total effect may be taken into account by making a product form of the two
main components. In the following, the details of the individual factors are discussed.

2.1.1. Length of carbon skeleton
It is well known that the bond dissociation energy of saturated hydrocarbons varies with

the length of carbon skeleton. In general, the bond dissociation energy decreases as the length
of carbon skeleton increases. The decrease is the largest for the first step, i.e. from methane
to ethane, and becomes smaller for subsequent steps. Therefore, at the first approximation
it may only matter whether the molecule is of mono-carbon skeleton or not.

2.1.2. Unsaturated bonds
In general, existence of unsaturated bonds such as double bonds and triple bonds in

a molecule increases the flammability of the molecule. For example, ethylene is more
flammable than ethane and acetylene is more flammable than ethylene, for the number of
unsaturation is one for ethylene and two for acetylene. In this case, the degree of unsat-
uration relative to the size of the skeleton (the total number of skeletal carbon atoms) is
more important rather than the actual number of unsaturation. For example, the increase
of flammability from ethane to ethylene is larger than that from propane to propylene.
Similarly, the increase of flammability from ethylene to acetylene is larger than that from
propylene to methyl acetylene.

2.1.3. Ring structures
There are two kinds of ring structures, aliphatic rings and aromatic rings. Their effects

on the flammability characteristics are indeed different. In this case also, the ratio rather
than the absolute number of the rings in the molecule is more important.

2.1.4. Substitution for hydrogen atoms
Substitution of halogen atoms such as fluorine, chlorine, and bromine atoms for hydrogen

atoms in hydrocarbon molecules makes halogenated hydrocarbons. The actual effect of
substitution may depend on how many hydrogen atoms are replaced by what kind of halogen
atoms. The effect may also depend on the total number of hydrogen atoms in the original
hydrocarbon molecule, i.e. again ratio rather than the absolute number of substitution is
important. In addition to halogen atoms, substitutions of such groups as OH, NO2, NH2,
CN, and COOH are considered in the present analysis.

Taking into account all these factors, the following equation is obtained as the analytical
expression ofF-number:

F = p1(1 + p2C1 + p3ROE + p4RCO + p5RCOO + p6RNH + p7RRNG + p8RARM

+p9RUS)(1 + p10RF + p11RCl + p12RBr + p13ROH + p14RNO2 + p15RNH2

+p16RCN + p17RCOOH) (2)
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This equation does not explicitly contain the numbers of carbon and hydrogen atoms, but
they are actually used to calculate the values ofRF, RCl,. . . , RCOOH. In this equation,p1–p17
denote coefficients to be determined from the analysis of the observed data.C1 takes the
value of one or zero according to whether the molecule is a compound of mono-carbon
skeleton or not. However, the methane derivatives that contain CO, COO, CN, or COOH
group are treated exceptionally;C1 takes the value of zero for these compounds.ROE, RCO,
RCOO, andRNH denote numbers of ether, carbonyl, ester, and imine groups, respectively,
divided by the total number of skeletal carbons.RRNG andRARM denote numbers of aliphatic
and aromatic rings, respectively, divided by the total number of skeletal carbons.RUSdenotes
the total number of unsaturation in the carbon skeleton including aliphatic and aromatic rings
divided by the total number of skeletal carbons.RF, RCl,. . . , andRCOOH denote numbers of
F, Cl,. . . , and COOH, respectively, divided by the total number of hydrogen atoms in the
corresponding pure hydrocarbon molecule.

2.2. F-number analysis

The data of flammability limits have been taken from the literature [2], and converted
to F-number values using Eq. (1). The least-squares analysis has been carried out using
Eq. (2). A total of 238 data have been used in the analysis.

Table 1 shows the result of the analysis. The values of lower and upper flammability
limits are listed in the third and fourth columns, respectively. The numbers in the fifth
column are theF-number values calculated from the flammability limits data. The calculated
values ofF-number is listed in the sixth column and the differences between them in the
seventh column. On the whole, agreement between the observed and calculated values
of F-number is quite good. However, there are some for which agreement between the
observed and calculated values is not good. For example, discrepancy is noted for acetylene,
ethylene, and ethylene oxide. For these compounds, the flammable range is much wider
than the predicted value by the present scheme. They are known for their property of
dissociative explosion. Due to this property, the flammable ranges of these compounds
seems to have been extended toward 100% concentration. For other compounds for which
agreement between the observed and calculated values is not good, the reasons for the
discrepancies are not clear. However, considering that the experimental data used here have
been measured with a variety of methods under various conditions in different laboratories,
this kind of situation is quite understandable. It is well known that the values of flammability
limits strongly depend on the apparatus used and the conditions under which the values are
determined [1,2,5–7]. In fact, in many cases where agreement between the observed and
calculated values is not good, the observed values themselves do not seem to be very reliable.
Including everything, the average deviation of the calculated values ofF-number from the
respective observed ones is 0.047, which is 9.2% as the relative value.

Table 2 shows the values of parametersp1–p17resulting from the analysis. The value of pa-
rameterp2 has been found to be negative, which means that the compounds of mono-carbon
skeleton are less flammable than other compounds. The sign is important for parameters
p3–p9 as well; if the sign is positive the effect is to increase the flammable property, and
vice versa. The parametersp3, p4, p5, andp6 denote, respectively, the effects of insertion
of ether, carbonyl, ester, and imine groups to the carbon skeleton. Insertion of ether and
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Table 2
Parameter values obtained by the analysis

No. Description Obtained value S.E.

p1 Main coefficient 0.581 0.009
p2 If one carbon −0.194 0.046
p3 Ether 0.134 0.089
p4 Carbonyl 0.028 0.091
p5 Ester −0.097 0.071
p6 NH −0.014 0.151
p7 Aliphatic ring 0.299 0.152
p8 Aromatic ring −0.125 0.296
p9 Unsaturation 0.290 0.069
p10 F −0.344 0.114
p11 Cl −0.985 0.098
p12 Br −3.160 0.482
p13 OH 0.284 0.256
p14 NO2 0.527 0.373
p15 NH2 −0.344 0.263
p16 CN −0.566 0.349
p17 COOH −0.850 0.351

carbonyl groups increases the flammability of the compound. It is interesting that insertion
of an ester group to carbon skeleton decreases the flammability, though an ester group is a
combination of an ether and a carbonyl groups. Insertion of an imine group to the skeleton
does not bring about any remarkable effect on the flammability. Comparison between the
effect of an aliphatic ring and that of an aromatic ring is also interesting. The former in-
creases the flammability while the latter decreases it. This is because the electron resonance
effect stabilizes the aromatic compounds.

The flammability-enhancing effect of unsaturated bonds is well known. For example, the
flammability of ethylene is much stronger than that of ethane, and acetylene is definitely
stronger than ethylene. In accord with this fact, the value of parameterp9 has been obtained
to be+0.290, which is one of the largest among parametersp3–p9.

Similarly, the substitution effects for hydrogen atoms can be seen in the signs ofp10–p17.
The fact that the values ofp10,p11, andp12are negative means that the substitution of halogen
atoms for hydrogen atoms decreases the flammability of the corresponding gases; the sub-
stitution effect is larger for chlorine than that for fluorine, and the largest for bromine. Also,
substitution of NH2, CN, and COOH groups for hydrogen atoms decreases the flammability,
while substitution of OH and NO2 groups increases it.

2.3. Reduction of the flammability limits values from F-number

As stated,F-number is calculated from the values of the flammability limits. In reverse,
the values of the upper and lower flammability limits cannot be derived from a single datum
of F-number. However, if the value of geometric mean of the upper and lower flammability
limits (UL)0.5 is known, we can calculate the values of the flammability limits by the
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following equations:

L = (UL)0.5(1 − F) (3)

and

U = (UL)0.5

1 − F
(4)

In general, it is expected that the value of (UL)0.5 is close to the stoichiometric con-
centration, which is a function of the chemical formula of a generic molecule given by
CiHj OkFlClmBrnNp.

The problem here is that the stoichiometric concentration depends on the actual oxidation
reaction of the fuel. For example, if the number of H atoms,j, in the fuel molecule is larger
than or equal to the sum of fluorine and chlorine atoms (l + m), there is a possibility that
chlorine atoms are converted to hydrogen chloride just as fluorine atoms are converted
to hydrogen fluoride, whereas bromine atoms may yield bromine molecules and nitrogen
atoms nitrogen molecules irrespectively of the number of hydrogen atoms. In this case, the
oxidation reaction of the fuel molecule may become as

CiHj OkFlClmBrnNp + [i + 1
4(j − l − m − 2k)]O2

= iCO2 + 1
2(j − l − m)H2O + lHF + mHCl + 1

2nBr2 + 1
2pN2 (5)

Then, the stoichiometric concentration may be given by the following equation:

Cst = 1

1 + 4.773[i + (j − l − m − 2k)/4]
(6)

On the other hand, if the number of hydrogen atoms,j, is smaller than the sum of fluorine
and chlorine atoms (l + m), the majority of chlorine atoms may yield chlorine molecules,
and the oxidation reaction may become as

CiHj OkFlClmBrnNp + [i + 1
4(j − l − 2k)]O2

= iCO2 + 1
2(j − l)H2O + lHF + 1

2mCl2 + 1
2nBr2 + 1

2pN2 (7)

And the stoichiometric concentration may be given by the following equation:

Cst = 1

1 + 4.773[i + (j − l − 2k)/4]
(8)

Further, if the number of hydrogen atoms,j, is even smaller than that of fluorine atoms,
l, all the hydrogen atoms may be consumed to yield hydrogen fluoride and the remaining
fluorine atoms may yield CF4 molecule, and the oxidation reaction may become as

CiHj OkFlClmBrnNp + [i + 1
4(j − l − 2k)]O2

= [i − 1
4(l − j)]CO2 + 1

4(l − j)CF4 + jHF + 1
2mCl2 + 1

2nBr2 + 1
2pN2 (9)

So, the stoichiometric concentration may again become as

Cst = 1

1 + 4.773[i + (j − l − 2k)/4]
(10)
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Fig. 1. Plot of relative difference between the mean of the flammability limits and stoichiometric concentration
vs. molecular weight for saturated hydrocarbons: (d): methane, propane, butane, hexane, heptane, octane; (s):
ethane, pentane, decane.

which is the same as Eq. (8). In other words, if all the chlorine atoms are to be converted
to chlorine molecules, the stoichiometric concentration is given by Eq. (8) irrespectively of
whether the number of hydrogen atoms is larger than that of fluorine atoms or not.

Now, there is another problem that the stoichiometric concentration is not always a good
approximation to the value of (UL)0.5. It is most possible that the reason for the discrepancy
is the selective diffusion between fuel molecule and oxygen molecule. In Fig. 1, the relative
difference between the two quantities,∆, is plotted against the molecular weight for a series
of saturated hydrocarbons, where∆ is defined by the following equation:

∆ = (UL)0.5 − Cst

Cst
(11)

In Fig. 1, the plotted points are mostly distributed along a linear line. However, the linear
line does not seem to go through the origin of the figure. Rather, it crosses the abscissa line
at a certain positive value. This may suggest that the discrepancy is primarily caused by
the selective diffusion between fuel and oxygen molecules that occurs at the flame front.
Actually, if one attempts to fit to a straight line that goes through the value of 32.00 at
abscissa axis, it has been found that the points corresponding to methane, propane, butane,
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hexane, heptane, and octane come very close to the line. Then, we may be able to estimate
the value of (UL)0.5 based on this relationship.

In order to deal with these two problems simultaneously,∆ has been expressed by the
following equation:

∆ = k1RF + k2RCl + k3RBr + k4(M − 32.00) (12)

HereRF, RCl, andRBr are the same as in Eq. (2),M the molecular weight of fuel, and
k1 throughk4 the parameters to be determined in the least-squares analysis. By using this
equation, the flammability limits data have been analyzed again to investigate which of
Eqs. (6) and (8) is more appropriate for the expression of stoichiometric concentration.
The least-squares analysis has been carried out to fit to this equation utilizing the same
238 data as before, assuming each time the respective equations for the stoichiometric con-
centration. When Eq. (6) was assumed for the stoichiometric concentration, the values of
parameters were obtained ask1 = −0.15± 0.12,k2 = −0.51± 0.13,k3 = 0.28± 0.60,
andk4 = 0.00475± 0.00027. On the other hand, when Eq. (8) was assumed, the val-
ues were obtained ask1 = −0.15 ± 0.14, k2 = −0.07 ± 0.18, k3 = 0.27 ± 0.60, and
k4 = 0.00476±0.00027. The parameter values are very similar for the two cases except for
k2. Among the parametersk1–k3, the value ofk2 only has been found non-zero for the former
case, while all of them are zero within the respective uncertainties for the latter. This strongly
suggests that chlorine atoms in a fuel molecule are primarily converted to chlorine molecules
rather than to hydrogen chloride even if the number of hydrogen atoms in the fuel molecule
is enough to yield hydrogen chloride. Then,∆ becomes a unique function of molecular
weight.

Therefore, we have assumed that∆ is simply proportional to the difference in the molec-
ular weight between fuel and oxygen molecules. The least-squares analysis has again been
carried out using the 238 data to determine the value of the proportionality coefficient for
the relationship. As a result, we have obtained the following equation:

∆ = 0.00472(M − 32.00) (13)

The credibility of the present assumption is also assured by the fact that the values of∆ for
relatively simple gases such as methane and propane are well explained by this equation,
though the actual value of the coefficient has essentially been determined by the values of
much heavier fuels in this case.

In Table 1, the observed values of (UL)0.5 are listed in eighth column. The data in the ninth
column shows the stoichiometric concentration and the tenth column shows the estimated
values of (UL)0.5. The numbers listed in the eleventh and twelfth columns are the estimated
values of the flammability limits obtained from the calculated values ofF-number combined
with the estimated values of (UL)0.5. Reasonable agreement has been obtained between the
estimated and observed values of flammability limits.

It is to be noted that the present method of prediction is applicable to any of the or-
ganic gases whose molecular structure can be described by the system presented in this
paper.
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3. Conclusion

We have presented an empirical expression ofF-number, which can be used to analyze
the flammability characteristics of gases and vapors.F-number can also be used to un-
derstand the flammability characteristics of gases and vapors in a systematic way. For one
thing, hazardous properties of flammable gases are classified automatically according to the
F-number value. In addition, it can be used to predict the flammability of unknown gases.
It has also been shown that theF-number value can be converted to the flammability limits.

In conclusion,F-number not only contains information on hazardous property practically
equivalent to the flammability limits but also can be used much more conveniently to
analyze and predict the flammable properties of gases and vapors. Finally, we would like
to emphasize that adoption of the correct method for measuring the flammability limits is
important to increase further the credibility ofF-number analysis as well.
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