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Abstract: This paper describes the method for determining flammability limits with the use of
equations for diffusive-thermal stability boundaries. The key parameter responsible for the exis-
tence of flammability limits is the thermal effect produced by the combustion of gas mixtures. The
thermal effect and the equation for diffusive-thermal stability boundaries are used to determine a
minimum flame temperature below which combustion is impossible. Flammability limits are sig-
nificantly affected by the heat capacity of components of the mixture if it is strongly dependent on
temperature. For upper and lower flammability limits, a minimum flame temperature is generally
different and dependent on the relative concentration and properties of the diluent. The theoretical
methods for calculating flammability limits are tested according to the experimental data on the
combustion of a methane–air–diluent mixture.
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INTRODUCTION

The existence of flammability limits still remains an
unsolved problem in combustion and explosion physics.
At the same time, the experimental data [1–10] and the-
oretical results [11, 12] accumulated to date allow for
reasonable arguments for the explaination of flamma-
bility limits.

It is known that the existence of the gases of a
slow-burning stationary wave (deflagration) in a com-
bustible mixture requires a strict correlation of three
processes [2, 11, 12]: the chemical reactions occurring
in relatively narrow space-time intervals, the heat trans-
fer from the chemical reaction zone into the cold region
of the mixture, and the substance transfer from the cold
region of the mixture into the chemical reaction zone.
Any violation of the correlation between these three pro-
cesses lead to diffusive-thermal instability, which causes
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the formation of cellular and more complex structures
in the flame [2, 13, 14] or the termination of combus-
tion, for example, in the case of heat removal from the
flame [11, 15, 16], and the conversion of the internal
energy of combustion products into kinetic energy [17].
This instability may be due to a significant deviation
of the equivalence ratio φ from unity in rich or lean
mixtures and dilution of the mixture with inert gases
or inhibitors with relative concentrations rin. However,
these causes of instability have something in common
that is a change in the flame temperature due to a de-
crease in the thermal effect of the burning mixture Q
[18, 19]. The heat removal from the flame [11, 15, 16]
and the conversion of the internal gas energy into ki-
netic energy [17] can be interpreted as a decrease in the
thermal effect.

The occurrence of diffusive-thermal instability
does not imply termination of combustion as three-
dimensional structures may be formed [13, 14]. But the
variation intervals φ and rin, where such structures can
be observed, are small, and, in the first approximation,
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it is possible to relate the emergence of flammability
limits with the occurrence of diffusive-thermal instabil-
ity. Below it is shown that this approach theoretically
makes is possible for the occurrence of the limiting flame
temperature Tb,min below which combustion is impossi-
ble.

The existence of the limiting temperature is in good
agreement with modern ideas where the possibility of
reactions in gas mixtures is characterized by an ignition
temperature [2, 20]. The phenomenological theory of
the flammability limits [21] is based on the assumption
of existence of the temperature Tf,min that depends on
the mixture composition. Therefore, the temperature is
a determining factor in the development of theoretical
foundations for the flammability limits.

DIFFUSIVE-THERMAL INSTABILITY

The theoretical results on the diffusive-thermal in-
stability depend on the adopted model of combustion.
The complexity of the chemical reactions with a large
number of chains and branches [22, 23] complicates the
simulation of combustion. The desire to obtain more
accurate data on the combustion process leads to the
formulation of cumbersome models [3–5, 14, 15] with a
large number of physical and chemical parameters. As
a result, the analysis of diffusive-thermal instability be-
comes much more complicated, and it becomes difficult
to determine the parametric dependences that define
the stable combustion boundary. However, the advan-
tages of the models describing in detail the chemical
conversions in a flame lies in the possibility to deter-
mine the influence of intermediate products of chemical
reactions on the development of instability.

The use of simple combustion models based on the
chemical equation A→B (A is a combustible mixture
and B is a combustion product) allows obtaining the
exact solutions of the problem for determination of sta-
bility conditions and often leads to simple results in the
form of analytical dependences. For example, in [24–
26], the stability limit depends on two parameters: the
Lewis number Le and the dimensionless activation en-
ergy E/RTb [26] or E(Tb −T0)/RT

2
b [24, 25]. Here E is

the effective activation energy of the chemical reaction
A → B, R is the universal gas constant, and Tb and
T0 are the flame and initial temperatures. The lack of
simple models is manifested in the use of the ephemeral
parameter E, which is difficult to relate with the real
activation energies of elementary chemical reactions in-
volved in combustion. Difficulties increase when there is
an extended region in the flame front with small chemi-
cal reaction rates or regions with unburned gas [27, 28].

Fig. 1. Stable combustion boundaries (curves 1) and
possible paths of the representative point M with
buckling.

Despite the strong difference of mathematical and
physical formulations of combustion equations, the
models [3–5, 14, 15, 27, 28] and [24–26, 29] yield
largely similar results. The combustion stability in
them strongly depends on the Lewis number and flame
temperature (or thermal effect) with varying mixture
composition.

Figure 1 shows the results of a recent study on
diffusion-thermal instability with use of the reaction
scheme A → B [26, 29]. The stability region is
bounded by two boundaries, one of them is in the half-
space Le > 1 and the other one in Le < 1. The initial
state of stable combustion under adiabatic conditions
is denoted by the point M . Dilution of the mixture
changes the Lewis number Le, the effective activation
energy E, and the flame temperature Tb = T0 + Q/cp,
where Q is the thermal effect of the reaction, cp is the
heat capacity of the combustion products at constant
pressure. The variation of the Le number significantly
affects the combustion stability [5, 9, 10, 14, 28]. How-
ever, according to the Arrhenius law, the chemical reac-
tion rate depends exponentially on the activation energy
and temperature. Therefore, the strongest influence on
the combustion stability can be produced by the vari-
ation of E and Tb. With a significant deviation of the
equivalence ratio φ from unity, the energy E and the
heat capacity cp can be considered constant in the first
approximation [18, 19]. For a number of mixtures, the
equivalence ratios at the lower (φn) and upper (φh) lim-
its are subject to the approximated relationship of the
symmetry φnφh ≈ 1, which is a consequence of the de-
pendence of the thermal effect on the equivalence ratio
Q(φ) [18, 19].
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THERMAL EFFECT
OF THE DILUTED MIXTURE

The total chemical reaction of the formation of CO2

and H2 products from the fuel CH4 and oxidant O2 are
written using the equivalence coefficients ν1 = 1, ν2 = 2,
ν3 = 2, and ν4 = 1:

ν1A1 + ν2A2 = ν3A3 + ν4A4, (1)

where A1 is CH4, A2 is O2, A3 is H2O, and A4 is CO2.
In this reaction, the formation of each molecule of the
substance A3 is accompanied by the release of the en-
ergy ε3, which means that ε4 is the energy of the for-
mation of each molecule of the substance A4.

The mixture is also characterized by the equiva-
lence ratio

φ = r1ν2/(r2ν1),

where r1 and r2 are the relative (volume) concentrations
of the fuel A1 and oxidant A2.

The mixture contains two diluents with the rela-
tive volume concentrations rin1 and rin2, and they can
be chemically inert or also possess inhibitory proper-
ties. Thus, the original mixture is characterized by the
equation r1 + r2 + rin1 + rin2 = 1.

In case of redundant fuel A1 (φ > 1) and excluding
the impact of the inhibitors, the number of the formed
molecules of the products A3 and A4, respectively, is
equal to

N3 =
ν3
ν2
r2N, N4 =

ν4
ν2
r2N, (2)

where N is the total number of molecules in the mix-
ture. Thus, the energy Σ1 released in the reaction is
calculated according to the equation

Σ1 = ε3N3 + ε4N4 =

(
ε3
ν3
ν2

+ ε4
ν4
ν2

)
r2N.

In the case of redundant oxidant A2 (φ < 1), we
have the similar equations:

N3 =
ν3
ν1
r1N, N4 =

ν4
ν1
r1N,

(3)

Σ2 = ε3N3 + ε4N4 =

(
ε3
ν3
ν1

+ ε4
ν4
ν1

)
r1N.

The chemical conversion of the fuel with the oxi-
dant mixture into reaction products proceeds according
to a chain mechanism [2, 22, 23]. The exact models of
such chemical conversion lead to very complex calcula-
tions as compared to simple kinetic mechanisms. The
use of such models in the analytical theory presented in
this paper is difficult.

A simple model of methane combustion [16] con-
sists of 19 elementary chemical reactions, including the

formation of four elementary reactions of the formation
of a water molecule of water and a reaction of the for-
mation of a carbon dioxide molecule. The number of
chains can be significantly greater. Let n3,1 and n3,2 be
the numbers of destroyed chains of the product forma-
tion A3 under the action of the first and second diluents.
The numbers n4,1 and n4,2 have the same meaning with
respect to the product A4. The new parameters n3,1,
n3,2, n4,1, and n4,2 are assumed to be proportional to
the number of molecules of diluents in a mixture of Nin1

and Nin2:

n3,1 = K3,1Nin1, n3,2 = K3,2Nin2,

n4,1 = K4,1Nin1, n4,2 = K4,2Nin2.

The constants K3,1 and K4,1 have the meaning of av-
erage numbers of the molecules of the products A3 and
A4, which are not formed by the action of one molecule
of the first inhibitor. The other two constants have the
same meaning: one molecule of the second inhibitor pre-
vents the synthesis of K3,2 and K4,2 of the molecules of
the substances A3 and A4, respectively.

Accounting for the effect of diluents changes the
form of the equations for calculating the synthesized
molecules of the products. If there is an redundancy of
the fuel, then

N3 =
ν3
ν2
r2N − n3,1 − n3,2

=
ν3
ν2
r2N −K3,1Nin1 −K3,2Nin2,

N4 =
ν4
ν2
r2N − n4,1 − n4,2

=
ν4
ν2
r2N −K4,1Nin1 −K4,2Nin2.

Accordingly, the energy Σ1 changes too:

Σ1 =

(
ε3
ν3
ν2

+ ε4
ν4
ν2

)
r2N

− (ε3K3,1 + ε4K4,1)Nin1

− (ε3K3,2 + ε4K4,2)Nin2. (4)

If there is a redundancy of the oxidant, then the fol-
lowing equation holds is valid for the released energy Σ2:

Σ2 =

(
ε3
ν3
ν1

+ ε4
ν4
ν1

)
r1N

− (ε3K3,1 + ε4K4,1)Nin1

− (ε3K3,2 + ε4K4,2)Nin2. (5)

The original mixture has the molecular mass μ.
Considering 1 mole of the mixture, we assume in
Eqs. (4) and (5) that N = NA, where NA is Avo-
gadro’s number. Then, for the specific thermal effects,
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in the case of redundancy of the fuel Q1 and oxidantQ2,
we have

Q1 =
Σ1

μ
=

(
ε3
ν3
ν2

+ ε4
ν4
ν2

)
r2
NA

μ
−ΔQ,

Q2 =
Σ2

μ
=

(
ε3
ν3
ν1

+ ε4
ν4
ν1

)
r1
NA

μ
−ΔQ,

ΔQ = (ε3K3,1 + ε4K4,1)rin1
NA

μ

+ (ε3K3,2 + ε4K4,2)rin2
NA

μ
.

In Q1 and Q2, we turn from the dependences on
r1 and r2 to the dependence on the equivalence ratio.
After eliminating the variable r2 from the equations

r1 + r2 + rin1 + rin2 = 1, φ = r1ν2/(r2ν1, ) (6)

we have

r1 =
(1− rin1 − rin2)φ

φ+ ν2/ν1
. (7)

Using this expression in the first equation of system (6),
we find

r2 =
1− rin1 − rin2
φν1/ν2 + 1

. (8)

After substituting r1 and r2 from Eqs. (7) and (8)
in the expressions for Q1 and Q2 and introducing the
common denotation Q for the thermal effect, we have
the final result:

Q =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Q∗

[
(ν1 + ν2)φ

φν1 + ν2
− ψ

]
, φ � 1,

Q∗

[
ν1 + ν2
φν1 + ν2

− ψ

]
, φ � 1,

(9)

where

Q∗ =
ε3ν3 + ε4ν4
ν1 + ν2

NA

μ
(1 − rin1 − rin2),

μ = r1μ1 + r2μ2 + rin1μin1 + rin2μin2,

ψ =
ΔQ

Q∗
= (ν1 + ν2)

× (ν3K3,1 + ν4K4,1)rin1 + (ν3K3,2 + ν4K4,2)rin2
(ε3ν3 + ε4ν4)(1 − rin1 − rin2)

.

Here μ1 and μ2 are the molecular masses of the fuel A1

and oxidant A2; μin1 and μin2 are the molecular masses
of the first and second diluents.

EQUATIONS FOR CALCULATING
THE FLAMMABILITY LIMITS

The boundaries [26, 29] for the steady combustion
(see Fig. 1) for larger values of the Zeldovich number
Ze = E/(

√
2RTb) > 7 can be approximated by the ex-

pressions

Le > 1: Le = 1 +
1

Ze
, Le < 1: Le = 1− 4.5

Ze
.

We consider the case where Le < 1. The com-
bustible mixture has an original temperature T0. Dur-
ing the combustion of the undiluted mixture, the flame
temperature Tb = T0+Q/cp is reached with the thermal
effect Q (under adiabatic conditions).

In the case of dilution of the mixture with chemi-
cally inert substances or inhibitors or deviation of the
mixture from the equivalence composition at the stabil-
ity boundary, the thermal effect Q adopts the smallest
possible value of Qmin, at which the flame can still exist.
This means that the flame temperature reaches a min-
imum value too: Tb = Tb,min. Then the equation for
the stable combustion boundary with account for the
determination of the Zeldovich number can be written
in the form

Tb,min = T0 +Qmin/cp, (10)

where

Tb,min =
(1 − Le)E

4.5
√
2R

.

In the absence of precise data about Le and E, it is
possible that the temperature Tb,min, which, in contrast
to Le and E, can be found by relatively easy measure-
ments, is taken as an experimentally determined param-
eter.

The stability conditions [26, 29] are found on the
basis of the simplest combustion models, in which the
composition of the mixture is not specified. In the
experiments themselves, the mixtures have a complex
composition and may be enriched or depleted by a com-
bustible component and can be diluted with a chemi-
cal inert gas or inhibitor. This may lead to a notice-
able change in Le and E. Consequently, Tb,min may
change too. Therefore, finding the upper and lower
flammability limits requires the use of the two tempera-
tures Tb,min1 and Tb,min2 for the lower and upper limits,
respectively.

Let us find the equations for calculating the lower
flammability limit φn and fuel concentration r1n. To do
that, in Eq. (10), we use an expression for the thermal
effect [Eq. (9)] with φ � 1:

Tb,min1 = T0 +
Q∗
cp

[
(ν1 + ν2)φn
φnν1 + ν2

− ψ

]
.
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Therefore,

φn =
ν2
ν1

× cp(Tb,min1 − T0)/Q∗ + ψ

1 + ν2/ν1 − [cp(Tb,min1 − T0)/Q∗ + ψ]
. (11)

The fuel concentration at the lower limit r1n is found
from expression (7):

r1n =
(1− rin1 − rin2)φn

φn + ν2/ν1
. (12)

The equations for calculating the upper flammabil-
ity limit φ h and the fuel concentration in it r1h are
found from the basic equations (10) and (9), where the
representation of the thermal effect with φ � 1 is used:

Tb,min2 = T0 +
Q∗
cp

(
ν1 + ν2
φhν1 + ν2

− ψ

)
.

Therefore,

φh =
1 + ν2/ν1

cp(Tb,min2 − T0)/Q∗ + ψ
− ν2
ν1
. (13)

For the fuel concentration on the upper limit r1h,
we find

r1h =
(1− rin1 − rin2)φh

φh + ν2/ν1
. (14)

Equations (11)–(14) are essential for calculating
the flammability limits. They do not take into account
the possibility of the formation of free carbon and car-
bon monoxide at a low flame temperature. The incom-
plete combustion of methane can be accounted for if
Eq. (1) is replaced with a more exact equation. There-
fore, Eqs. (11)–(14) can be taken as the first approxi-
mation.

The most complete experimental data on the
flammability limits of the mixtures based on hydrocar-
bon fuels are given in [1]. Therefore, below the equa-
tions are given in a form suitable for comparing the
theoretical results with the experimental data [1].

RELATIVE CONCENTRATIONS
IN COMBUSTION PRODUCTS

We consider the case of redundancy of the fuel in
the mixture (φ > 1). The number of molecules of the
products A3 and A4 for any φ > 1 is given by Eqs. (2).
The number of the molecules of the fuel A1 in the com-
bustion products

N ′′
1 =

(
1− 1

φ

)
r1N.

Considering this value and Eqs. (2), the total number
of molecules in the combustion products is determined
by the expression

Npr = Nin1 +Nin2 +

(
1− 1

φ

)
r1N +

ν3 + ν4
ν2

r2N.

The relative concentrations are rin1 = Nin1/N and
rin2 = Nin2/N , so we can write

Npr = N

[
rin1 + rin2 +

(
1− 1

φ

)
r1 +

ν3 + ν4
ν2

r2

]
.

Making a replacement according to the equality
r2 = ν2r1/(ν1φ), we have

Npr = NRbur,

Rbur = rin1 + rin2 +

(
1− 1

φ
+
ν3 + ν4
ν1φ

)
r1. (15)

The relative concentrations of the first and second dilu-
ents (if they do not undergo a chemical conversion) are
now determined in the combustion products by the fol-
lowing equations:

r′in1 =
Nin1

Npr
=

rin1
Rbur

, r′in2 =
Nin2

Npr
=

rin2
Rbur

. (16)

The concentration r′1 of the fuel residue in the com-
bustion products and the concentrations r3 and r4 of the
substances A3 and A4 are calculated in the equations

r′1 =
N ′′

1

Npr
=

(1− 1/φ)r1
Rbur

,

r3 =
N3

Npr
=

ν3
ν1φ

r1
Rbur

, (17)

r4 =
N4

Npr
=

ν4
ν1φ

r1
Rbur

.

Equations (16) and (17) are used to calculate the up-
per flammability limit. Therefore, the following replace-
ments should be made in them and in the determination
of Rbur (15): φ→ φh and r1 → r1h.

We find the equation for calculating the concentra-
tions of the components of the combustion products in
the redundancy of oxidant in the mixture (φ < 1). In
this case, the number of the molecules of the products
A3 and A4 for any φ < 1 is calculated by Eqs. (3). The
residue of the number of the molecules of the oxidant
A2 in the combustion products

N ′′
2 = (1− φ)r2N =

(
1

φ
− 1

)
ν2
ν1
r1N.

Then it is not difficult to find that

Npr = NRox,

Rox = rin1 + rin2

+

(
1

φ
− 1

)
ν2
ν1
r1 +

ν3 + ν4
ν1

r1. (18)
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As a result, we have the following equations for the con-
centrations of the components:

r′in1 =
Nin1

Npr
=
rin1
Rox

, r′in2 =
Nin2

Npr
=
rin2
Rox

, (19)

r′2 =
ν2
ν1

(
1

φ
− 1

)
r1
Rox

, r3 =
ν3
ν1

r1
Rox

,

(20)
r4 =

ν4
ν1

r1
Rox

.

Equations (19) and (20) are used to calculate the lower
flammability limit. Therefore, the following replace-
ments should be made in them and in the determination
of Rox (18): φ→ φn and r1 → r1n.

CALCULATION
OF THE FLAMMABILITY LIMITS

The heat capacity of the combustion products cp in
Eqs. (11) and (13) takes different values in the search
for the upper and lower flammability limits. To calcu-
late cp, the known thermodynamics equations [30] are
used. In particular, the composition of the combus-
tion products on the upper limit is characterized by the
concentrations r′in1, r

′
in2, r

′
1, r3, and r4. Then, the heat

capacity is found from the equation

cp = g1cp1 + g′in1cp,in1

+ g′in2cp,in2 + g3cp3 + g4cp4, (21)

where cp,in1, and cp,in2 are the heat capacities at a con-
stant pressure of the first and second diluents; cp1, cp3,
and cp4 denote the heat capacities of the fuel A1 and the
substances A3 (water) and A4 (carbon dioxide). The
relative mass concentrations of the fuel g1 and the dilu-
ents g′in1 and g′in2 in the combustion and reaction prod-
ucts g3 and g4 are calculated according to the expres-
sions

g1 =
μ1

μpr
r′1, g′in1 =

μin1

μpr
r′in1,

(22)
g′in2 =

μin2

μpr
r′in2, g3 =

μ3

μpr
r3, g4 =

μ4

μpr
r4.

The molecular mass of the combustion products is

μpr = μ1r
′
1 + μin1r

′
in1

+ μin2r
′
in2 + μ3r3 + μ4r4. (23)

On the lower limit, the composition of the com-
bustion products is characterized by the concentra-
tions r′in1, r

′
in2, r

′
2, r3, and r4. Accordingly, the heat

capacity is found from the equation

cp = g2cp2 + g′in1cp,in1

+ g′in2cp,in2 + g3cp3 + g4cp4. (24)

The relative mass concentrations of the oxidant g2 and
the diluents g′in1 and g′in2 in the combustion and reac-
tion products g3 and g4 are calculated according to the
expressions

g2 =
μ2

μpr
r′2, g′in1 =

μin1

μpr
r′in1, g′in2 =

μin2

μpr
r′in2,

(25)
g3 =

μ3

μpr
r3, g4 =

μ4

μpr
r4;

μpr = μ2r
′
2 + μin1r

′
in1 + μin2r

′
in2 + μ3r3 + μ4r4.

The experimental data [1] on the flammability lim-
its are given with the parameters rair, r1, and rdil are
the relative (volume) concentrations of air, fuel, and one
of the diluents (He, H2O, CO2, N2, et al.)

rair + r1 + rdil = 1. (26)

The nitrogen concentration in air is rN2 ≈ 0.79, and
the oxygen concentration is rO2 ≈ 0.21. In this case, the
concentrations r2, rin1, and rin2 should be defined as the
functions of the variables rair, r1, rdil, rN2 , and rO2 .

Obviously, rin2 = rdil. The nitrogen contained in
the air is assumed to be the first diluent. The total
number of molecules in the mixture N , of which the
number of air molecules is Nair = NN2 + NO2 , where
NN2 and NO2 are the numbers of nitrogen and oxygen
molecules. Then,

rair =
Nair

N
=
NO2

N
+
NN2

N

=
NO2

Nair

Nair

N
+
NN2

Nair

Nair

N
= rO2rair + rN2rair.

Given this equation, Eq. (26) takes the form

rO2rair + rN2rair + r1 + rdil = 1.

It can be seen here and from the first equation in sys-
tem (6) that the desired functions are

r2 = rO2rair, rin1 = rN2rair, rin2 = rdil. (27)

Here are the final equations: the calculation of the
lower flammability limit r1n is carried out according to
Eqs. (11), (12), and (18)–(20). They are supplemented
with Eqs. (24) and (25) to calculate the product of
the heat capacity of the combustion products and with
Eq. (27) to determine the input parameters of r2, rin1,
and rin2.

The calculation of the upper flammability limit of
r1h is carried out with the use of Eqs. (13)–(17) supple-
mented with expressions (21)–(23) and (27).

All algebraic equations for the lower and upper
flammability limits are nonlinear with regard to the un-
knowns r1n and r1h. They are solved by the method of
simple iterations [31].
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Approximated expressions for calculating the dependence of the heat capacity of the gas
on temperature (the pressure is p = 1 bar) and the range of their applicability

Gas Approximated expression for cp, kJ/(kg ·K) Temperature, K Maximum relative error, %

O2 cp = 1.0697 + 0.9 · 10−4(T − 873) 873–2873 1.6

N2 cp = 1.1401 + 1.1 · 10−4(T − 873) 873–2873 3.0

CH4 cp = 2.2526 + 0.8 · 10−2(T − 298)0.8 298–2073 2.4

CO2 cp = 0.8274 + 0.7 · 10−2(T − 273)0.6 273–1873 2.7

The heat capacities of helium and water are weakly
dependent on temperature [32, 33], and here they are
assumed to be equal to cp(He) = 5.192 kJ/(kg ·K)
and cp(H2O) = 2.34 kJ/(kg ·K). The experimental
data [32, 33] on the remaining gases are approximated
by the expressions (see the table). These expressions
do not guarantee the best approximation from all pos-
sible options, but allow estimating the effect of the heat
capacity of flammability limits.

The enthalpy of the formation of wa-
ter in the form of gas and carbon diox-
ide are ΔH(H2O) = −242 kJ/mol and
ΔH(CO2) = −393.5 kJ/mol, respectively [16]. Hence,
we conclude that ε3 = −ΔH(2O)/NA = 4.02 · 10−19 J
and ε4 = −ΔH(CO2)/NA = 6.54 · 10−19 J.

Given the dissociation, the values of ε3 and
ε4 should be taken as too low [2, 11, 34]. Therefore,
they are reduced by 1.36 times: ε3 = 2.96 · 10−19 J and
ε4 = 4.81 · 10−19 J. Then, for the mixture of methane
and air of equivalence composition (φ = 1) not di-
luted with helium, we have the flame temperature of
1978 K, which is in good agreement with the experi-
mental data [35], where the maximum temperature is
indicated as 2000 K.

The minimum flame temperatures on the upper
and lower limits are given in the form of

Tb,min1 = Tlim1(1− a1rin2),

(28)Tb,min2 = Tlim2(1− b1rin2 − b2r
2
in2),

where the coefficients a1, b1, and b2 are chosen for agree-
ment of the theoretical results with the experimental
data, and the temperatures Tlim1 and Tlim2 are assumed
to be known from these experiments on the combustion
of an undiluted mixture. In particular, for the methane–
air mixture, Tlim1 = 1160 K and Tlim2 = 1753 K. This
choice of temperature for the upper and lower flamma-
bility limits yields r1h ≈ 0.15 and r1n ≈ 0.05 [1].

The heat capacities of the gases O2, N2, CH4, and
CO2 are calculated by the expressions in the table,
where T = Tb,min1 on the lower limit and T = Tb,min2

on the upper limit.
For the methane–air–helium mixture, a1 = 0.4,

b1 = 0.64, and b2 = 0.602. The constants K3,1 =

K3,2 = K4,1 = 0 and K4,2 = 0.0886, i.e., the weak
inhibition of the CO2 formation with helium is permit-
ted. The theoretical results and experimental data for
this mixture are shown in Fig. 2a. At the right bound-
ary (rin2 = rlim), we have Tb,min1 = Tb,min2 = 926 K.
Another solution for K4,2 = 0 is obtained with the coef-
ficients a1 = −0.34, b1 = 0.452, and b2 = 0. They result
in a high limiting temperature equal to 1354 K, and the
calculated flammability limits differ significantly from
the experimental data. Clearly, on the right boundary
of the variation rin2 = rlim = 0.5 (Fig. 2a) and rin2 =
rlim = 0.3 (Fig. 2b), the equality Tb,min1 = Tb,min2

should be valid. Therefore, one of the coefficients a1,
b1, and b2 is expressed in terms of the other ones, for
example,

b2 = − 1

r2lim

×
[
Tb,min1

Tb,min2
(1 − a1rlim) + b1rlim − 1

]
. (29)

The greatest deviation between the theoretical results
and experimental data occurs near the extreme right
point rin2 = rlim, where r1n = r1h. This is observed in
all cases of the dilution of the methane–air mixture.

We consider the case of dilution of the methane–
air mixture with water vapors and assume that
μin2 = 0.018 kg/mol. The water is a strong catalyst for
a chemical reaction between an intermediate CO prod-
uct and oxygen [2]. Therefore, the inhibition of the
CO2 formation chains with water molecules is unlikely,
and here it is accepted that K3,1 = K3,2 = K4,1 =
K4,2 = 0. But the presence of the excess amount of
water molecules may contribute to the occurrence of
the diffusion-thermal instability and lead to termina-
tion of combustion. The results presented in Fig. 2b
are obtained with the following constants a1 = −0.7,
b1 = 0.69, and b2 = 0. On the right boundary rin2 = 0.3,
we have Tb,min1 = Tb,min2 = 1404 K. The weak inhibi-
tion with molecules H2O and carbon dioxide CO2 can
be permitted by assuming that the constants of the de-
struction of the chains K3,1, K3,2, K4,1, and K4,2 are
different from zero (of the order of 10−2 to 10−3). But
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Fig. 2. Flammability limits for the methane-air mix-
ture when diluted with helium (a) and water va-
pors (b) (points refer to the experimental data [1]).

then, the agreement between the theoretical and exper-
imental results requires accepting other numerical data
in the functions Tb,min1(rin2) and Tb,min2(rin2).

We consider the case of dilution of the methane–air
mixture with the inhibitors C2F5H (Fig. 3a) and CHF3

(Fig. 3b). The temperature is Tlim2 = 1772 K (then,
r1h ≈ 0.14 for rin2 = 0 [6]). Due to lack of data, the heat
capacities of these inhibitors were assumed to be equal
to cp (C2F5H) = 1340 and cp(CHF3) =1122 J/(kg ·K)
(these heat capacities have freons [32]).

Upon dilution with the inhibitor C2F5H, the coef-
ficients are a1 = 0.5, b1 = 3.35, and b2 = −2.815; the
constants are K3,1 = K4,1 = K3,2 = 0 and K4,2 = 0.35.
The temperatures at the right boundary rin2 = 0.13 are
equal to Tb,min1 = Tb,min2 = 1080 K. Accordingly, upon
dilution with the inhibitor CHF3, a1 = −0.2, b1 = 1.6,
and b2 = −0.963;K3,1 = K4,1 = K3,2 = 0,K4,2 = 0.046.
The minimum temperature for rin2 = 0.25 are equal to
Tb,min1 = Tb,min2 = 1219 K. It is seen from the results

Fig. 3. Flammability limits for the methane-air mix-
ture when diluted with C2F5H (a) and CHF3 (b)
(points refer to the experimental data [6]).

in Fig. 3 that the values of the numerical coefficients a1,
b1, and b2 are strongly affected by the molecular mass
and heat capacity of the diluent. The inhibitor C2F5H
with the constant of destruction 7.22 times greater is
more effective than CHF3.

The flame temperature with the equivalence com-
position Tb,st for φ = 1 was also calculated. The depen-
dences of the temperatures Tb,st, Tb,min1, and Tb,min2 on
the concentration of the diluent rin2 for the methane–
air–CHF3 are shown in Fig. 4.

A similar situation occurs for all of the composi-
tions discussed above. The theoretical results in Fig. 3
differ from the experimental data. It was found that it
is possible to achieve “very good agreement” between
the theory and experiment if we do not to impose the
condition Tb,min1 = Tb,min2 at the right extreme point
of definition of rin2 = rlim. But these results have no
physical meaning.



402 Sabdenov

Fig. 4. The functions Tb,st(rin2), Tb,min 1(rin2) and
Tb,min 2(rin2) for the methane–air–CHF3 mixture.

The calculations with the constants of the heat ca-
pacities of the gases O2, N2, CH4, and CO2 has almost
no effect on the flammability limits with the dilution
of He and H2O. At the same time, the values of the
coefficients a1, b1, and b2 and the constant K4,2. But
the flammability limits are practically the same as in
Fig. 2. Noticeably worse results are obtained for the
cases of dilution with the inhibitors C2F5H and CHF3.
The parameters a1, b1, b2, and K4,2 are changing too. If
the agreement between the theoretical and experimen-
tal results can be obtained in the assumption of con-
stant heat capacities with the maximum relative error
equal to 20–25%, then, with account for the variability
of the heat capacities, the error increases up to 50–60%.
This is not necessarily due to a lack of the calculation
method. Perhaps, the inhibitors allow for the formation
of intermediate products of the reaction between C and
CO, but prevent the synthesis of CO2. Then, Eq. (1)
and the calculated equations obtained above on its basis
cannot be applied.

CONCLUSIONS

Previously, there were different views on the nature
of flammability limits [2, 6–8, 11, 12, 16, 19, 22, 23].
To date, there are two basic views, which are thermal
and kinetic mechanisms. The thermal mechanism [2,
11, 12, 16, 19] relates the occurrence of flammability lim-
its with heat losses from the flame zone, and the kinetic
mechanism [6–8, 22, 23] relates it with rupture in the
chemical reaction chains. In the theory described above,
these two mechanisms are combined in a common phys-
ical picture. The fluorine-containing C2F5H and CHF3

and other bromine-based inhibitors are highly toxic sub-
stances. The strong influence of the heat capacity of
the mixture on the flammability limits indicates that
the role of inhibitors can possibly be played by chemi-
cally resistant and nontoxic substances with a high heat
capacity, especially at high temperatures.

The well-known Le Chatelier equation [35] and its
improved forms [27, 28] allow calculating the flamma-
bility limits of mixtures with the use of preliminarily
known (from experiments) limits of each fuel compo-
nent. However, finding the upper and lower flamma-
bility limits of mixtures containing only one substance
with an oxidant remains uncertain.

The method described above makes it possible to
find the limits of such mixtures approximately, includ-
ing the cases with the content of inhibitors in the mix-
ture. The terms for the loss of the diffusive-thermal
flame stability, which were adopted as conditions for
achieving the flammability limit, lead to the concept
of a minimum flame temperature below which combus-
tion is impossible. This temperature is different for the
upper and lower limits and may depend on the concen-
tration of the diluent in the mixture and its nature. But
the problem that remains unsolved is finding the theo-
retical dependences Tb,min1(rin2) and Tb,min2(rin2) and
their rigorous explanations based on the modern ideas
of the kinetics of chemical reactions in a combustion
wave.

Hence, it is clear that the analysis of combustion
of complex mixtures on the basis of the simple kinetics
of chemical reactions provides many opportunities to
build simple schemes and methods for determining the
flammability limits.

The practical application of the above-given equa-
tions occurs with a complexity of establishing the de-
pendences Tb,min1(rin2) and Tb,min2(rin2). These tem-
peratures are the input parameters in calculating the
flammability limits and should be known preliminarily.
In [1, 6], there are no data on the flame temperature.
Therefore, they were selected above for the agreement
of the theoretical results with the experimental data.

Let us consider the practical application of the ob-
tained results to mixtures with unknown flammability
limits. The reaction equation of the form (1), the con-
stants K3,1, K4,1, K3,2, and K4,2, and the energies ε3
and ε4 are assumed to be known.

For a broad class of compounds, it is sufficient to
have the functions of the form (28), which contain six
unknowns: Tlim1, Tlim2, a1, b1, b2, and rlim. There-
fore, the practical application of the described method
of calculation of the flammability limits only requires
determining the temperatures Tb,min1 and Tb,min2 at 3
to 4 points, where two of them, Tlim1 and Tlim2, are
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determined at rin2 = 0. One measurement should be
carried out for rin2 = rlim. This allows determining the
values of rlim and a1 and a relationship between the
coefficients b1 and b2. This relationship is equivalent
to Eq. (29). One of the coefficients b1 and b2 remains
unknown. Another experimental measurement at the
inner point of the interval [0; rlim] and on the upper
flammability limit (r1 = r1h) helps finding the remain-
ing coefficient b1 (or b2). After that, the flammability
limits all the inner points of the interval [0; rlim] can be
calculated.

The calculation results are sensitive to changes in
the temperature Tb,min1 and Tb,min2, so their measure-
ment (and determination of coefficients in them) should
be carried out with high precision, with a relative error
of not greater than 2–3%.
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