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bstract

Flammability limit measurements were made for various binary and ternary mixtures prepared from nine different compounds. The compounds
reated are methane, propane, ethylene, propylene, methyl ether, methyl formate, 1,1-difluoroethane, ammonia, and carbon monoxide. The observed
alues of lower flammability limits of mixtures were found to be in good agreement to the calculated values by Le Chatelier’s formula. As for the
pper limits, however, some are close to the calculated values but some are not. It has been found that the deviations of the observed values of

pper flammability limits from the calculated ones are mostly to lower concentrations. Modification of Le Chatelier’s formula was made to better
t to the observed values of upper flammability limits. This procedure reduced the average difference between the observed and calculated values
f upper flammability limits to one-third of the initial value.

2007 Elsevier B.V. All rights reserved.

a; AS

H
g
L
u

h
i
m
c
a

Q

H
m
f

Q

O

eywords: Flammability limits; Fuel mixtures; Modified Le Chatelier’s formul

. Introduction

The flammability limit is a widely used index for represent-
ng flammability of gases and vapors. There is a large amount
f flammability limits data such as the ones by Coward and
ones [1], Zabetakis [2], and by NFPA [3]. In particular, Cow-
rd and Jones [1] and the numerous articles cited therein include
he flammability limits data of various mixtures as well. On the
ther hand, various kinds of alternatives to chloro-fluoro-carbon
CFC) are now under development in order to cope with the
lobal environmental problem. They sometimes include blended
ases. If it is a blended gas, flammability limits have to be mea-
ured individually for that particular concentration. It may be
f great help if there is a reliable method for predicting the
ammability limits of mixtures.

This situation reminds us of Le Chatelier’s formula for cal-
ulating the flammability limits of fuel mixtures [4]. According
o this formula, the lower flammability limit of a blended gas of
kinds of fuel gases is given by the following equation:
1

L
=

n∑

i=1

ci

Li

(1)
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ere, c1, c2, c3, · · ·, cn are the mole fractions of component
ases whose lower flammability limits are L1, L2, L3, · · ·, and
n, respectively. A similar equation is said to be valid for the
pper flammability limits as well [1].

Le Chatelier’s formula is based on the assumption that the
eat of combustion per mole of the flammability limit mixture
s the same for all component fuels as well as for the resulting

ixture. If the heat of combustion per mole is Q1 for the 1st
omponent, Q2 for the 2nd, Q3 for the 3rd, and so forth, this
ssumption is given as follows:

1L1 = Q2L2 = Q3L3 = · · · = QL = k (2)

ere, Q is the heat of combustion per mole for the resulting
ixture and k is a constant. This equation can be rewritten as

ollows:

1 = k

L1
; Q2 = k

L2
; Q3 = k

L3
; · · ·; Q = k

L
(3)

n the other hand, the heat of combustion of the resulting mix-
ure is given by the following equation:

n∑

=

i=1

ciQi (4)

q. (1) is readily obtained by substituting Eq. (3) into Eq. (4).
similar reasoning may be possible for the upper flammability
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imits and the following equation is obtained:

1

U
=

n∑

i=1

ci

Ui

(5)

ere, c1, c2, c3, · · ·, cn are the mole fractions of component
ases whose upper flammability limits are U1, U2, U3, · · ·, and
n, respectively.
Now, it is of interest to examine the validity of Le Chatelier’s

ormula using the experimental data. Coward and Jones [1] have
isted a large amount of data on the flammability limits of vari-
us fuel mixtures. In general, the experimental values of lower
ammability limits shown in those figures seem to agree well
ith the calculated values by Le Chatelier’s formula. However,

greement with the calculated values is not guaranteed at the
pper flammability limits.

On the other hand, in order to make a more quantitative
valuation of the predictability of Le Chatelier’s formula, it is
ecessary to obtain accurate experimental data. As regards the
xperimental values of flammability limits, there is a well-known
roblem that they are dependent upon various experimental fac-
ors. The most important ones are explosion vessels and ignition
ources [5–7]. It is desirable for the analysis to utilize a set of
xperimental data consistently taken with the same explosion
essel and ignition source under the same experimental con-
ition with the same criterion for judgment in one laboratory.
ecently, Liekhus et al. [8] have measured the lower flamma-
ility limits of gaseous mixtures containing hydrogen and a few
olatile organic compounds. As far as the blended gases con-
aining only flammable components are concerned, the observed
alues were in good agreement with the calculated ones with Le
hatelier’s formula. It is desirable to carry out a similar study for
pper flammability limits as well. More recently, Markus et al.
tudied flammability limits of CH4–CH3OH–air premix flames
nd stated that Le Chaterier’s rule was not applicable to the
pper flammability limits of this system [9]. On the other hand,
ierzba and Wang studied flammability limits of H2–CO–CH4
ixtures at elevated temperature, and found that Le Chaterier’s

ule can be applied with fair accuracy to the mixtures [10].
The purpose of the present study is to measure both the upper

nd lower flammability limits of mixtures of a number of typical
ammable gases consistently with the ASHRAE method [11],
nd to compare the values to the calculated ones by Le Chate-
ier’s formula in order to reexamine the predictability of this
quation. Since the agreement between the observed and calcu-
ated values of flammability limits may not be very good for the
pper flammability limits, it is possible that some reasoning is
equired to modify Le Chatelier’s formula adequately to better
nterpret the observed values.

. Experimental method

The measurement of flammability limits was done essentially

y the ASHRAE method [11], which is a revised version of
STM-E681 [12]. Since the present method is the same as in
previous paper [13], only a brief summary of the method is

escribed below.

a
l
s
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The explosion vessel is a 12-l spherical glass flask. The ves-
el is settled in air-bath kept at 35 ◦C. A flange is fixed to the
op of the vessel. The vessel is connected to a soda-lime tower
hrough a plastic tube to treat the burnt gas resulting from the
xplosion. The vessel is also equipped with a relief valve 5 psi g
1 psi = 6895 Pa) in relief pressure. A pair of tungsten electrodes
or ac electric discharge is positioned at the height one-third the
essel diameter. ac electric spark was initiated by a Neon trans-
ormer. The spark duration was 0.4 s. The flame propagation
as observed visually in the dark. The mixture is determined to
e flammable if the flame moves upward and outward from the
oint of ignition to reach an arc of the vessel wall subtending an
ngle larger than 90◦ as measured from the point of ignition.

In the experiments, gas mixtures were directly prepared in
he explosion vessel by the partial pressure method. Fuel gases
ere introduced into the vessel successively and then dry air
as added to it. Introduction of fuel gases was made in order
f decreasing boiling point except for ammonia. Introduction
f ammonia always followed that of the counterpart fuel(s) to
uppress its adsorption if any to the vessel wall to the minimum.
wo types of MKS baratrons, 100 Torr head and 1000 Torr head
1 Torr = 133.32 Pa), were used for the pressure measurement.

ixtures were prepared in the vessel at a total pressure a little
igher than the ambient pressure, stirred with a fan for 8 min, left
uiet to settle for 1 min, and balanced with the ambient pressure
ust before ignition by opening the vessel valve leading to the
oda-lime tower. This procedure ensures that the hot gas accu-
ulation at the vessel top resulting from the ignition process is

elieved through the valve.
The sample gases of methane, propane, ethylene, propylene,

ethyl ether, methyl formate, 1,1-difluoroethane, ammonia,
nd carbon monoxide were used. The sample gases were pur-
hased from Taiyo-Nissan Co. and Wako Chemical Co. Except
or methyl formate, the purities of gases were 99% or better.
urity of methyl formate was 98%. Dry air was of G3 grade of
aiyo-Nissan Co. The sample gases were used without further
urification.

. Results and discussion

The number of fuel compounds treated in this study is
ine. Although this is not a large number, a variety of com-
ounds are included, i.e., saturated hydrocarbons (methane
nd propane), unsaturated hydrocarbons (ethylene and propy-
ene), an ether (dimethyl ether), an ester (methyl formate),

halogenated compound (1,1-difluoroethane), and inorganic
ompounds (ammonia and carbon monoxide). For consistency,
he flammability limits of the individual compounds were mea-
ured under the same experimental condition as for mixtures. In
his case, measurement of carbon monoxide itself was made in

oist air of 50% relative humidity corrected for 23 ◦C. All other
easurements were done using dry air. Table 1 shows the result

f measurement for pure gases.

From the nine compounds, thirty-six binary combinations

re made. Since this is not a small number to do measurements,
imited kinds of mixing ratios were examined. Actually, the mea-
urements were done for two kinds of binary mixtures for each
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Table 1
Observed values of flammability limits for individual compoundsa

Gas Purity (%) L (vol%) U (vol%) Flame color NFPA/325M (vol%) Note

L U

Methane 99.9999 4.9 (0.1) 15.8 (0.2) Whitish blue Orange + blue 5–15
Propane 99.9 2.03 (0.02) 10.0 (0.3) Whitish blue Orange + blue 2.1–9.5
Ethylene 99.9 2.74 (0.10) 31.5 (1.0) Whitish blue Orange + blue 2.7–36
Propylene 99.8 2.16 (0.04) 11.0 (0.5) Whitish blue Orange red 2.0–11.1
Dimethyl ether 99up 3.3 (0.1) 26.2 (0.5) Whitish blue Pale blue 3.4–27
Methyl formate 98up 5.25 (0.10) 22.6 (0.6) Whitish blue Pale blue 4.5–23
1,1-Difluoroethane 99.9 4.32 (0.05) 17.35 (0.50) Whitish blue Orange + blue –
Ammonia 99.999 15.2 (0.5) 30.0 (0.5) Orange red Orange red 15–28
C b
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arbon monoxide 99.95 12.2 (0.3) 72.5 (0.5)

a Numbers in parenthesis are estimated experimental uncertainties by the pre
b Humidity of air is 50% corrected for 23 ◦C.

ombination of compounds: one-to-one mixture and either of
ne-to-three or three-to-one mixture. In addition to these binary
ixtures, several kinds of ternary one-to-one-to-one mixtures
ere examined.

.1. Lower flammability limits

The observed values of lower flammability limits for various
uel mixtures are listed in “Obs” column in Table 2.

. The numbers in “Calc 1” column in this table are the values
alculated with Le Chatelier’s formula. For most cases, agree-
ent between the observed and calculated values is very good.
he largest difference is observed for the three-to-one mixture
f ammonia and carbon monoxide where the observed value
s 15.2 vol% and the calculated one is 14.32 vol%. The differ-
nce is 0.88 vol% which corresponds to 5.8 relative percent. The
econd largest is one-to-three mixture of methyl formate and
mmonia where the observed value is 10.94 vol% and the calcu-
ated one is 10.31 vol%. The difference is 0.63 vol% which also
orresponds to 5.8 relative percent. The differences for other
ixtures are much smaller than these values. In fact, the dif-

erence between the observed and calculated values is about
.1 vol% for a majority of cases. The average absolute difference
etween the observed and calculated values of lower flamma-
ility limits for all 86 mixtures is 0.068 vol%, and the average
elative differences is 1.21%. This kind of agreement between
he observed and calculated values is amazingly good especially
hen one considers that the measurements were done for quite
variety of compounds. Thus, Le Chatelier’s formula has an

xcellent ability of predicting lower flammability limits of a
ide variety of fuel blends.

.2. Upper flammability limits

The observed values of upper flammability limits for various
ixtures are listed in “Obs” column in Table 3. The numbers

n “Calc 1” column in this table are the ones calculated with

e Chatelier’s formula. In this case, the differences between

he observed and calculated values are large compared to those
or the lower flammability limits. The differences are dependent
pon the individual mixtures. It is large for some mixtures and

I
t
i
c

Whitish blue Whitish blue 12.5–74

easurement method.

ot so much for others. The average absolute difference between
he observed and calculated values of upper flammability limits
ver 86 mixtures in all is 1.66 vol%, and the average relative
ifference is 7.19 relative percent. These values are much larger
han the corresponding ones of 0.068 vol% and 1.21 relative per-
ent, respectively, for the lower limits. It is noteworthy, however,
hat most of the observed values of upper flammability limits
re lower than the respective calculated ones. In addition, for
he exceptional cases where the observed values are higher than
he calculated ones, the differences between them are negligibly
mall.

.3. Modification of Le Chatelier’s formula

As is pointed out in the above, in most cases the observed
alues of upper flammability limits are lower than the values
alculated with Le Chatelier’s formula. Actually, in eighty-four
ases out of eighty-six in all the observed values are smaller
han the calculated ones. For the remaining two, the difference
etween the observed and calculated values is negligibly small.
t seems a general trend that the observed values of the upper
ammability limits of blended fuels are lower than or at most
qual to the prediction by Le Chatelier’s formula.

If we consider a similar scheme to the one employed to inter-
ret the lower flammability limit in Section 1, we may have the
ollowing equation for the upper flammability limit:

′
1U1 = Q′

2U2 = Q′
3U3 = · · · = Q′U = k′ (6)

ere, Q′
1, Q

′
2, Q

′
3 and so forth are the effective heat of com-

ustion per mole at the upper flammability limit region of the
espective fuels, and k′ is a constant. Q′ is the “theoretical” heat
f combustion per mole at the upper flammability limit region
f the resulting mixture, and is given by the following equation:

′ =
n∑

i=1

ciQ
′
i (7)
t should be noticed here that the values of heat of combustion in
hese equations are quite different from the corresponding ones
n Eq. (2). While the latter can be considered as the values for
omplete combustion, the former are the ones for incomplete
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Table 2
Observed and calculated values of lower flammability limits of various fuel mixturesa

No. Relative volume ratio of compound in mixture on air-free basis Obs (vol%) ε (vol%) Calc 1 (vol%) �1 (vol%) Calc 2 (vol%) �2 (vol%)

CH4 C3H8 C2H4 C3H6 Ether Ester 152a NH3 CO

1 0.5 0.5 0 0 0 0 0 0 0 2.9 0.1 2.87 0.03 2.88 0.02
2 0.75 0.25 0 0 0 0 0 0 0 3.70 0.05 3.62 0.08 3.64 0.06
3 0.5 0 0.5 0 0 0 0 0 0 3.55 0.10 3.51 0.04 3.49 0.06
4 0.25 0 0.75 0 0 0 0 0 0 3.07 0.04 3.08 −0.01 3.07 0.00
5 0.5 0 0 0.5 0 0 0 0 0 3.06 0.04 3.00 0.06 3.02 0.04
6 0.75 0 0 0.25 0 0 0 0 0 3.82 0.05 3.72 0.10 3.75 0.07
7 0.5 0 0 0 0.5 0 0 0 0 4.25 0.07 3.94 0.31 3.93 0.32
8 0.25 0 0 0 0.75 0 0 0 0 3.63 0.04 3.59 0.04 3.58 0.05
9 0.5 0 0 0 0 0.5 0 0 0 5.22 0.10 5.07 0.15 5.14 0.08

10 0.75 0 0 0 0 0.25 0 0 0 5.15 0.05 4.98 0.17 5.04 0.11
11 0.5 0 0 0 0 0 0.5 0 0 4.66 0.05 4.59 0.07 4.61 0.05
12 0.25 0 0 0 0 0 0.75 0 0 4.48 0.05 4.45 0.03 4.47 0.01
13 0.5 0 0 0 0 0 0 0.5 0 7.53 0.15 7.41 0.12 7.54 −0.01
14 0.75 0 0 0 0 0 0 0.25 0 5.89 0.10 5.90 −0.01 5.96 −0.07
15 0.5 0 0 0 0 0 0 0 0.5 7.0 0.2 6.99 0.01 7.00 0.00
16 0.25 0 0 0 0 0 0 0 0.75 8.71 0.15 8.89 −0.18 8.90 −0.19
17 0 0.5 0.5 0 0 0 0 0 0 2.33 0.02 2.33 0.00 2.33 0.00
18 0 0.75 0.25 0 0 0 0 0 0 2.18 0.03 2.17 0.01 2.17 0.01
19 0 0.5 0 0.5 0 0 0 0 0 2.08 0.02 2.09 −0.01 2.11 −0.03
20 0 0.25 0 0.75 0 0 0 0 0 2.14 0.03 2.13 0.01 2.14 0.00
21 0 0.5 0 0 0.5 0 0 0 0 2.51 0.02 2.51 0.00 2.52 −0.01
22 0 0.75 0 0 0.25 0 0 0 0 2.25 0.03 2.25 0.00 2.25 0.00
23 0 0.5 0 0 0 0.5 0 0 0 2.91 0.02 2.93 −0.02 2.97 −0.06
24 0 0.25 0 0 0 0.75 0 0 0 3.74 0.03 3.76 −0.02 3.81 −0.07
25 0 0.5 0 0 0 0 0.5 0 0 2.76 0.03 2.76 0.00 2.78 −0.02
26 0 0.75 0 0 0 0 0.25 0 0 2.36 0.03 2.34 0.02 2.35 0.01
27 0 0.5 0 0 0 0 0 0.5 0 3.54 0.05 3.58 −0.04 3.63 −0.09
28 0 0.25 0 0 0 0 0 0.75 0 6.00 0.07 5.80 0.20 5.89 0.11
29 0 0.5 0 0 0 0 0 0 0.5 3.48 0.05 3.48 0.00 3.50 −0.02
30 0 0.75 0 0 0 0 0 0 0.25 2.56 0.03 2.56 0.00 2.57 −0.01
31 0 0 0.5 0.5 0 0 0 0 0 2.40 0.04 2.42 −0.02 2.42 −0.02
32 0 0 0.75 0.25 0 0 0 0 0 2.57 0.03 2.57 0.00 2.57 0.00
33 0 0 0.5 0 0.5 0 0 0 0 3.00 0.05 2.99 0.01 2.97 0.03
34 0 0 0.25 0 0.75 0 0 0 0 3.16 0.03 3.14 0.02 3.12 0.04
35 0 0 0.5 0 0 0.5 0 0 0 3.64 0.04 3.60 0.04 3.61 0.03
36 0 0 0.75 0 0 0.25 0 0 0 3.13 0.04 3.11 0.02 3.12 0.01
37 0 0 0.5 0 0 0 0.5 0 0 3.37 0.05 3.35 0.02 3.34 0.03
38 0 0 0.25 0 0 0 0.75 0 0 3.81 0.04 3.78 0.03 3.77 0.04
39 0 0 0.5 0 0 0 0 0.5 0 4.62 0.10 4.64 −0.02 4.65 −0.03
40 0 0 0.75 0 0 0 0 0.25 0 3.35 0.10 3.45 −0.10 3.45 −0.10
41 0 0 0.5 0 0 0 0 0 0.5 4.42 0.10 4.47 −0.05 4.44 −0.02
42 0 0 0.25 0 0 0 0 0 0.75 6.44 0.20 6.55 −0.11 6.49 −0.05
43 0 0 0 0.5 0.5 0 0 0 0 2.63 0.04 2.61 0.02 2.62 0.01
44 0 0 0 0.75 0.25 0 0 0 0 2.39 0.03 2.36 0.03 2.37 0.02
45 0 0 0 0.5 0 0.5 0 0 0 3.06 0.04 3.06 0.00 3.11 −0.05
46 0 0 0 0.25 0 0.75 0 0 0 3.87 0.04 3.87 0.00 3.93 −0.06
47 0 0 0 0.5 0 0 0.5 0 0 2.88 0.03 2.88 0.00 2.91 −0.03
48 0 0 0 0.75 0 0 0.25 0 0 2.47 0.03 2.47 0.00 2.48 −0.01
49 0 0 0 0.5 0 0 0 0.5 0 3.75 0.05 3.78 −0.03 3.85 −0.10
50 0 0 0 0.25 0 0 0 0.75 0 6.31 0.10 6.06 0.25 6.19 0.12
51 0 0 0 0.5 0 0 0 0 0.5 3.66 0.04 3.67 −0.01 3.71 −0.05
52 0 0 0 0.75 0 0 0 0 0.25 2.72 0.03 2.72 0.00 2.73 −0.01
53 0 0 0 0 0.5 0.5 0 0 0 4.05 0.05 4.05 0.00 4.08 −0.03
54 0 0 0 0 0.75 0.25 0 0 0 3.65 0.04 3.64 0.01 3.66 −0.01
55 0 0 0 0 0.5 0 0.5 0 0 3.74 0.05 3.74 0.00 3.74 0.00
56 0 0 0 0 0.25 0 0.75 0 0 4.02 0.04 4.01 0.01 4.01 0.01
57 0 0 0 0 0.5 0 0 0.5 0 5.2 0.1 5.42 −0.22 5.46 −0.26
58 0 0 0 0 0.75 0 0 0.25 0 3.80 0.10 4.10 −0.30 4.12 −0.32
59 0 0 0 0 0.5 0 0 0 0.5 5.26 0.10 5.19 0.07 5.17 0.09
60 0 0 0 0 0.25 0 0 0 0.75 7.33 0.08 7.29 0.04 7.25 0.08
61 0 0 0 0 0 0.5 0.5 0 0 4.74 0.05 4.74 0.00 4.83 −0.09
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Table 2 (Continued )

No. Relative volume ratio of compound in mixture on air-free basis Obs (vol%) ε (vol%) Calc 1 (vol%) �1 (vol%) Calc 2 (vol%) �2 (vol%)

CH4 C3H8 C2H4 C3H6 Ether Ester 152a NH3 CO

62 0 0 0 0 0 0.75 0.25 0 0 5.00 0.05 4.98 0.02 5.05 −0.05
63 0 0 0 0 0 0.5 0 0.5 0 7.94 0.05 7.80 0.14 8.13 −0.19
64 0 0 0 0 0 0.25 0 0.75 0 10.94 0.15 10.31 0.63 10.73 0.21
65 0 0 0 0 0 0.5 0 0 0.5 7.44 0.10 7.34 0.10 7.50 −0.06
66 0 0 0 0 0 0.75 0 0 0.25 6.22 0.05 6.12 0.10 6.21 0.01
67 0 0 0 0 0 0 0.5 0.5 0 6.86 0.08 6.73 0.13 6.87 −0.01
68 0 0 0 0 0 0 0.75 0.25 0 5.29 0.05 5.26 0.03 5.33 −0.04
69 0 0 0 0 0 0 0.5 0 0.5 6.45 0.10 6.38 0.07 6.42 0.03
70 0 0 0 0 0 0 0.25 0 0.75 8.48 0.08 8.38 0.10 8.43 0.05
71 0 0 0 0 0 0 0 0.5 0.5 13.6 0.5 13.54 0.06 13.98 −0.38
72 0 0 0 0 0 0 0 0.75 0.25 15.2 0.5 14.32 0.88 14.69 0.51
73 0.33 0.33 0 0.33 0 0 0 0 0 2.63 0.03 2.59 0.04 2.61 0.02
74 0.33 0.33 0 0 0 0.33 0 0 0 3.43 0.03 3.38 0.05 3.43 0.00
75 0.33 0.33 0 0 0 0 0.33 0 0 3.26 0.03 3.23 0.03 3.26 0.00
76 0.33 0 0 0.33 0 0.33 0 0 0 3.56 0.3 3.50 0.06 3.56 0.00
77 0.33 0 0 0.33 0 0 0.33 0 0 3.37 0.04 3.34 0.03 3.37 0.00
78 0.33 0 0 0 0 0.33 0.33 0 0 4.88 0.06 4.79 0.09 4.87 0.01
79 0 0.33 0 0.33 0 0.33 0 0 0 2.63 0.03 2.62 0.01 2.66 −0.03
80 0 0.33 0 0.33 0 0 0.33 0 0 2.53 0.03 2.53 0.00 2.56 −0.03
81 0 0.33 0 0 0 0.33 0.33 0 0 3.29 0.03 3.28 0.01 3.33 −0.04
82 0 0 0 0.33 0 0.33 0.33 0 0 3.40 0.04 3.39 0.01 3.45 −0.05
83 0 0.33 0.33 0 0.33 0 0 0 0 2.61 0.03 2.58 0.03 2.58 0.03
84 0 0.33 0.33 0 0 0 0 0 0.33 3.20 0.03 3.19 0.01 3.19 0.01
85 0 0.33 0 0 0.33 0 0 0 0.33 3.41 0.03 3.42 −0.01 3.43 −0.02
8 33
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6 0 0 0.33 0 0.33 0 0 0 0.

a Obs is observed flammability limit, ε is uncertainty in Obs, Calc 1 is calculat
imit for case 2, and �2 is Obs − Calc2.

ombustion under fuel excess conditions. The effective heat of
ombustion per mole may decrease markedly as the fuel con-
entration increases toward the upper flammability limit.

If the observed value of upper flammability limit of a given
uel mixture is lower than the prediction by Le Chatelier’s for-
ula, it means that the effective heat of combustion of the
ixture is larger than the value given by Eq. (7). Then, it is

lso that the adiabatic flame temperature at the upper flamma-
ility limit region of this mixture becomes higher than what is
xpected from the heat of combustion given by this equation.
t is quite possible that coexistence of other fuels more or less
isturbs the combustion reactions of any fuel in blended gases.
f it is the case, the strength of perturbation, which combus-
ion reactions of ith component suffer from coexisting fuels,

ay become a function of (1 − ci), where ci is the mole frac-
ion of ith component itself in the blended gas. This may lead to
modification of Le Chatelier’s formula to better interpret the
ammability limits of fuel mixtures. As a first approximation,
e Chatelier’s formula for the upper flammability limit can be
odified as follows:

1

U
=

n∑

i=1

ci

Ui

[1 + qi(1 − ci)] (8)

ere, Ui is the upper flammability limit of ith component fuel,

nd qi is the coefficient of perturbation whose value should be
etermined from the analysis of the observed data.

The least-squares analysis was carried out to determine the
alues of qi’s fitting calculated values to the observed values

o
c
r
t

4.02 0.05 4.00 0.02 3.96 0.06

mability limit for case 1, �1 is Obs − Calc1, Calc 2 is calculated flammability

f upper flammability limits. The result is shown in “Calc
” column of Table 3. A substantial improvement of agree-
ent between the observed and calculated values is attained

hrough this analysis. Actually, the average difference between
he observed and calculated values reduced to approximately
ne-third of the initial value: the initial value of average abso-
ute difference between the observed and calculated values is
.66 vol% and the resulting one is 0.52 vol%, which correspond
o 7.2 and 2.4 relative percent, respectively. This result may
emonstrate the validity of the present model.

An additional test can be done to demonstrate validity of Eq.
8) by the calculation which uses a subset of the data to derive
he parameter values and subsequently use the result to predict
he upper flammability limits of the rest of the dataset. In this
ase, the way of separating the dataset is important. It is clear
hat the validity is tested more severely with three-component

ixtures than with two-component mixtures. We did at first the
tting calculation using a subset of two-component mixtures,
nd then the resulting parameter values were used to predict the
alues of three-component mixtures (14 in total). The result is
hown in “Calc 3” column of Table 3, and the parameter values
n “Calc 3” column in Table 4. The average absolute deviation
f the calculated values for the two-component mixtures from
he observed values is 0.57 vol% which corresponds to 2.60 rel-
tive percent. On the other hand, the average absolute deviation

f the predicted values from the observed ones for the three-
omponent mixtures is 0.28 vol% which corresponds to 1.60
elative percent. It is noted that the latter values are even smaller
han the former.
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Table 3
Observed and calculated values of upper flammability limits of various fuel mixturesa

No. Relative volume ratio of compound in mixture on air-free basis Obs (vol%) ε (vol%) Calc 1 (vol%) �1 (vol%) Calc 2 (vol%) �2 (vol%) Calc 3b (vol%) �3 (vol%) Calc 4 (vol%) �4 (vol%)

CH4 C3H8 C2H4 C3H6 Ether Ester 152a NH3 CO

1 0.5 0.5 0 0 0 0 0 0 0 12.1 0.3 12.25 −0.15 12.01 0.09 11.99 0.11 11.95 0.15
2 0.75 0.25 0 0 0 0 0 0 0 13.5 0.5 13.80 −0.30 13.57 −0.07 13.55 −0.05 13.51 −0.01
3 0.5 0 0.5 0 0 0 0 0 0 20.5 1.0 21.04 −0.54 19.57 0.93 19.55 0.95 – –
4 0.25 0 0.75 0 0 0 0 0 0 25 1.0 25.23 −0.23 23.63 1.37 23.61 1.39 – –
5 0.5 0 0 0.5 0 0 0 0 0 12.6 0.4 12.97 −0.37 12.69 −0.09 12.67 −0.07 12.68 −0.08
6 0.75 0 0 0.25 0 0 0 0 0 13.8 0.3 14.25 −0.45 13.99 −0.19 13.97 −0.17 13.98 −0.18
7 0.5 0 0 0 0.5 0 0 0 0 17.5 0.5 19.71 −2.21 17.26 0.24 17.20 0.30 – –
8 0.25 0 0 0 0.75 0 0 0 0 20.1 0.8 22.50 −2.40 20.06 0.04 20.00 0.10 – –
9 0.5 0 0 0 0 0.5 0 0 0 18.3 0.3 18.60 −0.30 18.58 −0.28 18.61 −0.31 18.21 0.09

10 0.75 0 0 0 0 0.25 0 0 0 16.6 0.3 17.09 −0.49 17.07 −0.47 17.09 −0.49 16.84 −0.24
11 0.5 0 0 0 0 0 0.5 0 0 16.0 0.5 16.54 −0.54 16.28 −0.28 16.29 −0.29 15.99 0.01
12 0.25 0 0 0 0 0 0.75 0 0 16.6 0.7 16.93 −0.33 16.73 −0.13 16.74 −0.14 16.50 0.10
13 0.5 0 0 0 0 0 0 0.5 0 19.8 0.3 20.70 −0.90 20.52 −0.72 20.57 −0.77 – –
14 0.75 0 0 0 0 0 0 0.25 0 17.3 0.3 17.92 −0.62 17.82 −0.52 17.85 −0.55 – –
15 0.5 0 0 0 0 0 0 0 0.5 25.0 0.5 25.95 −0.95 24.82 0.18 24.85 0.15 – –
16 0.25 0 0 0 0 0 0 0 0.75 36.1 0.5 38.22 −2.12 36.39 −0.29 36.45 −0.35 – –
17 0 0.5 0.5 0 0 0 0 0 0 14.7 0.7 15.18 −0.48 14.16 0.54 14.10 0.60 – –
18 0 0.75 0.25 0 0 0 0 0 0 11.25 0.50 12.06 −0.81 11.56 −0.31 11.53 −0.28 – –
19 0 0.5 0 0.5 0 0 0 0 0 10.5 0.5 10.48 0.02 10.17 0.33 10.13 0.37 10.37 0.13
20 0 0.25 0 0.75 0 0 0 0 0 10.5 0.5 10.73 −0.23 10.49 0.01 10.46 0.04 10.65 −0.15
21 0 0.5 0 0 0.5 0 0 0 0 13.2 0.5 14.48 −1.28 12.91 0.29 12.84 0.36 – –
22 0 0.75 0 0 0.25 0 0 0 0 10.9 0.7 11.83 −0.93 11.01 −0.11 10.97 −0.07 – –
23 0 0.5 0 0 0 0.5 0 0 0 13.8 0.3 13.87 −0.07 13.64 0.16 13.61 0.19 13.80 0.00
24 0 0.25 0 0 0 0.75 0 0 0 16.8 0.6 17.19 −0.39 16.92 −0.12 16.89 −0.09 17.12 −0.32
25 0 0.5 0 0 0 0 0.5 0 0 12.4 0.7 12.69 −0.29 12.35 0.05 12.33 0.07 12.49 −0.09
26 0 0.75 0 0 0 0 0.25 0 0 11.0 0.7 11.18 −0.18 10.99 0.01 10.97 0.03 11.07 −0.07
27 0 0.5 0 0 0 0 0 0.5 0 14.5 0.5 15.00 −0.50 14.65 −0.15 14.62 −0.12 – –
28 0 0.25 0 0 0 0 0 0.75 0 18.8 0.5 20.00 −1.20 19.54 −0.74 19.50 −0.70 – –
29 0 0.5 0 0 0 0 0 0 0.5 16.8 0.7 17.58 −0.78 16.72 0.08 16.67 0.13 – –
30 0 0.75 0 0 0 0 0 0 0.25 12.1 0.7 12.75 −0.65 12.40 −0.30 12.38 −0.28 – –
31 0 0 0.5 0.5 0 0 0 0 0 14.6 0.7 16.31 −1.71 15.12 −0.52 15.06 −0.46 – –
32 0 0 0.75 0.25 0 0 0 0 0 19.5 1.0 21.49 −1.99 19.94 −0.44 19.86 −0.36 – –
33 0 0 0.5 0 0.5 0 0 0 0 26.0 1.0 28.61 −2.61 22.09 3.91 21.92 4.08 – –
34 0 0 0.25 0 0.75 0 0 0 0 23.0 1.0 27.35 −4.35 22.58 0.42 22.44 0.56 – –
35 0 0 0.5 0 0 0.5 0 0 0 25.6 0.4 26.32 −0.72 24.31 1.29 24.26 1.34 – –
36 0 0 0.75 0 0 0.25 0 0 0 27.8 1.0 28.68 −0.88 26.86 0.94 26.82 0.98 – –
37 0 0 0.5 0 0 0 0.5 0 0 20.5 0.8 22.38 −1.88 20.51 −0.01 20.46 0.04 – –
38 0 0 0.25 0 0 0 0.75 0 0 18.0 0.8 19.54 −1.54 18.44 −0.44 18.42 −0.42 – –
39 0 0 0.5 0 0 0 0 0.5 0 27.2 0.8 30.73 −3.53 27.74 −0.54 27.69 −0.49 – –
40 0 0 0.75 0 0 0 0 0.25 0 28.4 1.0 31.11 −2.71 28.76 −0.36 28.71 −0.31 – –
41 0 0 0.5 0 0 0 0 0 0.5 37 1.0 43.92 −6.92 36.21 0.79 36.06 0.94 – –
42 0 0 0.25 0 0 0 0 0 0.75 42.3 0.7 54.70 −12.40 45.63 −3.33 45.45 −3.15 – –
43 0 0 0 0.5 0.5 0 0 0 0 15.0 0.5 15.49 −0.49 13.70 1.30 13.62 1.38 – –
44 0 0 0 0.75 0.25 0 0 0 0 12.4 0.5 12.87 −0.47 11.90 0.50 11.85 0.55 – –
45 0 0 0 0.5 0 0.5 0 0 0 14.9 0.5 14.80 0.10 14.52 0.38 14.49 0.41 14.79 0.11
46 0 0 0 0.25 0 0.75 0 0 0 18.1 0.5 17.88 0.22 17.58 0.52 17.55 0.55 17.88 0.22
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47 0 0 0 0.5 0 0 0.5 0 0 13.1 0.5 13.46 −0.36 13.08 0.02 13.05 0.05 13.29 −0.19
48 0 0 0 0.75 0 0 0.25 0 0 12.0 0.5 12.11 −0.11 11.87 0.13 11.85 0.15 12.00 0.00
49 0 0 0 0.5 0 0 0 0.5 0 15.5 0.5 16.10 −0.60 15.68 −0.18 15.65 −0.15 – –
50 0 0 0 0.25 0 0 0 0.75 0 19.8 0.5 20.95 −1.15 20.42 −0.62 20.38 −0.58 – –
51 0 0 0 0.5 0 0 0 0 0.5 17.8 0.7 19.10 −1.30 18.07 −0.27 18.02 −0.22 – –
52 0 0 0 0.75 0 0 0 0 0.25 13.1 0.7 13.96 −0.86 13.54 −0.44 13.51 −0.41 – –
53 0 0 0 0 0.5 0.5 0 0 0 20.5 0.5 24.27 −3.77 20.84 −0.34 20.75 −0.25 – –
54 0 0 0 0 0.75 0.25 0 0 0 21.2 1.0 25.20 −4.00 22.34 −1.14 22.26 −1.06 – –
55 0 0 0 0 0.5 0 0.5 0 0 18.5 1.0 20.88 −2.38 17.98 0.52 17.91 0.59 – –
56 0 0 0 0 0.25 0 0.75 0 0 17.4 0.7 18.95 −1.55 17.08 0.32 17.03 0.37 – –
57 0 0 0 0 0.5 0 0 0.5 0 22.4 0.5 27.97 −5.57 23.31 −0.91 23.20 −0.80 – –
58 0 0 0 0 0.75 0 0 0.25 0 21.3 1.0 27.06 −5.76 23.63 −2.33 23.55 −2.25 – –
59 0 0 0 0 0.5 0 0 0 0.5 29.0 1.0 38.49 −9.49 29.02 −0.02 28.81 0.19 – –
60 0 0 0 0 0.25 0 0 0 0.75 36.7 0.6 50.28 −13.51 38.10 −1.40 37.83 −1.13 – –
61 0 0 0 0 0 0.5 0.5 0 0 19.6 0.8 19.63 −0.03 19.42 0.18 19.44 0.16 19.50 0.10
62 0 0 0 0 0 0.75 0.25 0 0 20.9 0.8 21.01 −0.11 20.83 0.07 20.85 0.05 20.90 0.00
63 0 0 0 0 0 0.5 0 0.5 0 25.0 0.5 25.78 −0.78 25.79 −0.79 25.84 −0.84 – –
64 0 0 0 0 0 0.25 0 0.75 0 26.6 0.4 27.73 −1.13 27.74 −1.14 27.78 −1.18 – –
65 0 0 0 0 0 0.5 0 0 0.5 33.3 0.7 34.46 −1.16 32.96 0.34 32.99 0.31 – –
66 0 0 0 0 0 0.75 0 0 0.25 26.6 0.6 27.30 −0.70 26.58 0.02 26.60 0.00 – –
67 0 0 0 0 0 0 0.5 0.5 0 20.8 0.7 21.99 −1.19 21.56 −0.76 21.58 −0.78 – –
68 0 0 0 0 0 0 0.75 0.25 0 18.9 0.9 19.39 −0.49 19.14 −0.24 19.16 −0.26 – –
69 0 0 0 0 0 0 0.5 0 0.5 26.9 1.0 28.00 −1.10 26.34 0.56 26.35 0.55 – –
70 0 0 0 0 0 0 0.25 0 0.75 37.7 0.8 40.40 −2.70 37.82 −0.12 37.83 −0.13 – –
71 0 0 0 0 0 0 0 0.5 0.5 42.0 0.5 42.44 −0.44 39.61 2.39 39.68 2.32 – –
72 0 0 0 0 0 0 0 0.75 0.25 34.7 0.3 35.15 −0.45 33.66 1.04 33.69 1.01 – –
73 0.33 0.33 0 0.33 0 0 0 0 0 11.6 0.6 11.80 −0.20 11.43 0.17 11.39 0.21 11.51 0.09
74 0.33 0.33 0 0 0 0.33 0 0 0 14.2 0.4 14.46 −0.26 14.19 0.01 14.18 0.02 14.14 0.06
75 0.33 0.33 0 0 0 0 0.33 0 0 13.3 0.6 13.58 −0.28 13.20 0.10 13.18 0.12 13.15 0.15
76 0.33 0 0 0.33 0 0.33 0 0 0 14.8 0.7 15.12 −0.32 14.81 −0.01 14.80 0.00 14.82 −0.02
77 0.33 0 0 0.33 0 0 0.33 0 0 13.7 0.6 14.16 −0.46 13.74 −0.04 13.72 −0.02 13.75 −0.05
78 0.33 0 0 0 0 0.33 0.33 0 0 17.6 0.5 18.16 −0.56 17.94 −0.34 17.96 −0.36 17.66 −0.06
79 0 0.33 0 0.33 0 0.33 0 0 0 12.7 0.7 12.76 −0.06 12.38 0.32 12.34 0.36 12.66 0.04
80 0 0.33 0 0.33 0 0 0.33 0 0 12.0 0.8 12.07 −0.07 11.62 0.38 11.58 0.42 11.87 0.13
81 0 0.33 0 0 0 0.33 0.33 0 0 14.7 0.6 14.86 −0.16 14.49 0.21 14.46 0.24 14.68 0.02
82 0 0 0 0.33 0 0.33 0.33 0 0 15.3 0.7 15.56 −0.26 15.14 0.16 15.11 0.19 15.42 −0.12
83 0 0.33 0.33 0 0.33 0 0 0 0 15.0 0.7 17.66 −2.66 14.92 0.08 14.81 0.19 – –
84 0 0.33 0.33 0 0 0 0 0 0.33 18.3 0.7 20.61 −2.31 18.50 −0.20 18.41 −0.11 – –
85 0 0.33 0 0 0.33 0 0 0 0.33 16.7 0.5 19.74 −3.04 16.82 −0.12 16.72 −0.02 – –
86 0 0 0.33 0 0.33 0 0 0 0.33 27.5 1.0 35.84 −8.34 26.04 1.46 25.82 1.68 – –

a Obs is observed flammability limit, ε is uncertainty in Obs, Calc 1 is calculated flammability limit for case 1, �1 is Obs − Calc1, Calc 2 is calculated flammability limit for case 2, �2 is Obs − Calc2, Calc 3 is
calculated flammability limit for case 3, and �3 is Obs − Calc3, Calc 4 is calculated flammability limit for case 4, and �4 is Obs − Calc4.

b For three-component mixtures, Calc 3 means the predicted value.
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Table 4
Parameter values resulting from the least-squares analysis using Eq. (8) for upper flammability limits

No. Parameter Calc 2 Calc 3 Calc 4

qi S.E. qi S.E. qi S.E.

1 Methane 0.015 0.028 0.012 0.032 0.091 0.023
2 Propane 0.056 0.019 0.063 0.027 0.025 0.019
3 Ethylene 0.420 0.102 0.435 0.106 – –
4 Propylene 0.065 0.027 0.072 0.031 0.015 0.020
5 Dimethyl ether 0.730 0.091 0.756 0.095 – –
6 Methyl formate −0.017 0.039 −0.020 0.043 −0.027 0.032
7 1,1-Difluoroethane 0.051 0.025 0.051 0.028 0.044 0.025
8 84
9 55
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Finally, in order to secure safety in process industries or in
Ammonia 0.021 0.0
Carbon monoxide 0.438 0.1

alc 2 is for the analysis of all the blend mixtures, Calc 3 is for the analysis of

On the other hand, the parameter values obtained from the
nalysis are of particular interest. They are shown in Table 4 (in
Calc 2” column). The parameter value for dimethyl ether q5 is
he largest of all, and q3 and q9 which are due to ethylene and
arbon monoxide, respectively, are the next largest. All other
arameters are much smaller than these three. Incidentally, this
ituation reminds us of recent studies on nitrogen and carbon
ioxide dilution effects on the flammability limits of various fuel
ompounds [13,14]. It has been found that the nitrogen dilution
ffect and carbon dioxide dilution effect on the flammability
imits of methane, propane, propylene, methyl formate, and 1,1-
ifluoroethane can be interpreted reasonably well each with a
ommon set of parameter values in the extended Le Chatelier’s
ormula.

Considering this fact, we focused our attention on the upper
ammability limits of the fuel mixtures which are specifi-
ally prepared from the five selected compounds, i.e., methane,
ropane, propylene, methyl formate, and 1,1-difluoroethane.
here are thirty mixtures of such kind. For these mixtures, the
verage difference between the observed values and the calcu-
ated ones by the original Le Chatelier’s formula is 0.26 vol%
hich corresponds to 1.77 relative percent. These values are

ven smaller than the ones obtained through the fitting proce-
ure using Eq. (8) for all the data together, i.e., 0.52 vol% and 2.4
elative percent, respectively. Then, a similar analysis was car-
ied out to reduce further the differences between the observed
nd calculated values. The result is shown in “Calc 4” column of
able 3, and the parameter values are shown in “Calc 4” column

n Table 4. The average difference between the observed and
alculated values is reduced from 0.26 vol% to 0.10 vol%. The
atter corresponds to 0.70 relative percent. It is interesting that
he rate of reduction here is almost a factor of three, which is
bout the same as in the case where the analysis was done over
ll nine compounds. Thus, the present modification is similarly
alid for a set of compounds of small deviations from the original
e Chatelier’s law prediction as for those of large deviations.

As necessary, we can write down a similar equation for lower
ammability limits:
1

L
=

n∑

i=1

ci

Li

[1 + pi(1 − ci)] (9)

l
s
I
w

0.016 0.082 – –
0.439 0.156 – –

omponent mixtures, and Calc 4 is for five selected compounds (see the text).

ere, Li is the lower flammability limit of ith component of the
lended gas, and pi is the coefficient of perturbation. For com-
arison, a similar analysis was made for the lower flammability
imit data using this equation. The result is shown in “Calc 2” col-
mn in Table 2. The average absolute deviation of the calculated
alues from the observed one was 0.068 vol% originally, and the
alue after the analysis is 0.060 vol%. For the lower flammability
imit, since the prediction by the original Le Chatelier’s formula
tself is very good, this analysis does not significantly improve
he agreement of the calculated values to the observed ones at
east for the fuel blends treated in the present study.

. Conclusion

The flammability limits of binary and ternary mixtures pre-
ared from nine kinds of combustible gases were measured
n a 12-l spherical glass vessel. The observed values of lower
ammability limits are in good agreement with the calculated
alues by Le Chatelier’s formula. On the other hand, agreement
etween the observed and calculated values of upper flamma-
ility limits is not so good as for the lower flammability limits.
nterestingly, however, the deviations of observed values of
pper flammability limits from the calculated ones are mostly
o the lower concentrations.

A modified Le Chatelier’s formula was proposed to better
nterpret the flammability limits of fuel blends. Least squares cal-
ulation of upper flammability limits using this equation reduced
he average difference between the observed and calculated val-
es from 7.2 to 2.4 relative percent. As regards the fuel blends
repared from five selected compounds, i.e., methane, propane,
ropylene, methyl formate, and 1,1-difluoroethane, the average
ifference between the observed values and the calculated val-
es by the original Le Chatelier’s formula was relatively small,
.e., only 1.77 relative percent. A similar analysis by the mod-
fied equation reduced this to 0.70 relative percent, i.e. about
ne-third of the initial value.
aboratories, the flammable properties of chemicals treated there
hould be directly measured under the condition actually used.
n such cases, techniques of accurate prediction of their property
ill much reduce the cost of testing.
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