
 

ISSN 0023-1584, Kinetics and Catalysis, 2008, Vol. 49, No. 3, pp. 344–351. © MAIK “Nauka /Interperiodica” (Russia), 2008.
Original Russian Text © N.M. Rubtsov, G.I. Tsvetkov, V.I. Chernysh, 2008, published in Kinetika i Kataliz, 2008, Vol. 49, No. 3, pp. 363–371.

 

344

 

The problem of ensuring the explosion safety of
hydrogen–air and methane–air mixtures is among the
technological challenges in hydrogen and fossil-fuel
power engineering. It was demonstrated (see, e.g., [1–
4]) that the rates of gas-phase ignition, combustion,
explosion, and detonation are determined by the com-
petition between chain branching and termination reac-
tions and that self-heating is a consequence of chain
combustion. Nevertheless, one can find new publica-
tions in which the chain character of combustion is
neglected. Until recently, the role of the branched-chain
mechanism has been denied for pressures above a few
tens of torrs (see, e.g., [5–7]). This denial is often based
on the agreement between experimental data and calcu-
lations entirely neglecting the branched-chain mecha-
nism (see, e.g., [8–10]). However, this agreement is
observed when the real 
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 and CO oxidation processes
are replaced with overall reactions involving only the
starting and final substances. Kislov et al. [9] assign
some parameters called rate constants to these overall
reactions and claim that the calculated and experimen-
tal data are in good agreement. These parameters are
derived from data obtained for one process under the
groundless assumption that this process consists of a
single step. However, it is well known that 
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 and CO
oxidations are not single-step processes, contrary to the
views presented in [8, 9], and, therefore, any agreement
between calculated and experimental data is out of the
question. In some works (see, e.g., [11, Table 1, 12]),
numerical calculations for the kinetic mechanism of
combustion are used to derive effective values of the
preexponential factor and activation energy for a first-

order reaction in Arrhenius form and these values are
used to describe the process. However, the resulting
equation is absolutely inapplicable to branched-chain
processes [1] because the real process is again replaced
with an imaginary reaction. Kostenko et al. [11, 12]
suggest finding the ignition conditions for a gas mixture
by determining the temperature at which the heat gen-
eration rate is equal to the heat dissipation rate, not by
determining the conditions under which the chain
branching rate is equal to the chain termination rate.
Thus, Kostenko et al. [11, 12] try to explain the ignition
conditions in terms of thermal theory, ignoring the
established fact that the main features of gas ignition
and combustion processes are determined by their
branched-chain mechanism [1–4]. Taking into account
the branched-chain character of gas-phase combustion
processes enables one to interpret observations cor-
rectly and, moreover, to control these process using
active admixtures.

For efficient use of chemical additions, it is neces-
sary to know the detailed mechanism of combustion,
including the rate constants of the elementary steps.
This is essential from the standpoint of both combus-
tion process control [13] and chemical conversion. For
example, when studying the activity of unsaturated
hydrocarbons as active admixtures, it should be
expected that isobutylene (
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), as
compared to propylene (
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), will offer
greater steric hindrance for approaching hydrogen
atoms. At the same time, the energy barrier in the reac-
tion between isobutylene and H must be lower owing to
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Abstract

 

—The methane combustion inhibitor 

 

CCl

 

4

 

 exerts no effect on the first ignition limit of hydrogen;
therefore, the role of hydrogen atoms in hydrocarbon oxidation consists at least of participating in longer reac-
tion chains than are observed in hydrogen oxidation. The upper limits of the rate constants of the reactions of
hydrogen atoms with propylene and isobutylene molecules were estimated by the self-ignition limit method to
be (
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, respec-
tively, in the temperature range of 840–950 K. These data are evidence that the stronger inductive effect of the
two methyl groups in isobutylene lowers the energy barrier to the H + 

 

iso-

 

C

 

4

 

H

 

8

 

 reaction. It has been demon-
strated experimentally that chemiluminescence in the hydrocarbon flame front at atmospheric pressure precedes
heat evolution. Throughout the pressure and temperature ranges examined (5–750 Torr, 298–950 K), the chain
mechanism determines the basic laws of combustion.
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the stronger inductive effect of the two methyl groups
in isobutylene.

The purposes of this work are as follows:
(1) to establish a correlation between the inhibition

efficiency and the specific features of the chain com-
bustion mechanism by studying the effects of methane
combustion inhibitors on hydrogen combustion and the
effects of hydrogen combustion inhibitors on methane
combustion by means of induction period and first igni-
tion limit measurements for the stoichiometric mixtures
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 and natural gas (NG) + 
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 in the presence
of small additions of 
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, and 
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;
(2) to estimate the preexponential factors and activa-

tion energies for the reactions of hydrogen atoms with
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 and 
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 molecules using the ignition limit
method;

(3) to determine the time sequence of self-heating
and luminescence in the flame front by studying the ini-
tiated ignition of a natural gas + air mixture at atmo-
spheric pressure.

EXPERIMENTAL

Experiments were carried out using a static vacuum
technique [14] in three types of reactors. Reactor I,
which was used at pressures of 5–35 Torr and tempera-
tures of 845–973 K, was a furnace-heated quartz cylin-
der 3.6 cm in diameter and 25 cm in length. The furnace
temperature was set using a KVA-501 temperature reg-
ulator with an accuracy of 

 

±

 

0.5

 

 K. A thin
chromel/alumel thermocouple 40 

 

µ

 

m in diameter was
moved along the reactor axis in order to evaluate the
uniformity of the temperature distribution in the reac-
tor, which was found to be 

 

±

 

0.5

 

 K at 900 K. The reactor
and the furnace had an optical quartz window at one
end. Stoichiometric mixtures of hydrogen and NG with
oxygen were examined. Kinetic measurements at 1 atm
and 298 K for the initiated ignition of NG + air mixtures
were carried out in reactor II, which was a stainless
steel cylinder 10 cm in diameter and 20 cm in length,
and in reactor III, which was a a horizontal quartz tube
4 cm in diameter and 100 cm in length. Combustion
was initiated with a spark (0.91 J) in the reactor center
(reactor II) or at a reactor end (reactor III). The opposite
end of reactor III was sealed. The initial temperature
was 293 K. Integral luminescence in reactor II was
monitored through an end-face optical window of
diameter 3.5 cm using an FEU-71 photomultiplier
(spectral sensitivity range of 200–600 nm). Gas pres-
sure was monitored with a piezoelectric sensor. The
signals from the photomultiplier and the pressure sen-
sor were directed to an S9-16 dual-trace memory oscil-
loscope. Reactor III was equipped with a collimator
0.5 mm in diameter and 10 cm in length, which was
mounted perpendicularly to the reactor surface at a dis-
tance of 80 cm from the initiation point. A thin
chromel/alumel thermocouple 40 

 

µ

 

m in diameter was
placed at the reactor axis at precisely the same distance

from the initiation point. The collimator hole was
sighted at the thermojunction. Diethyl ether (0.25 cm

 

3

 

)
was sprayed in reactor III, both ends of the reactor were
sealed, and the mixture was left to homogenize for
10 min. Thereafter, one end of the reactor was sealed
and combustion was initiated. After initiation, the prop-
agating flame reached the thermocouple and was simul-
taneously detected in the collimator hole using either an
FEU-39 photomultiplier (fitted with a 

 

435 

 

±

 

 5

 

 nm inter-
ference filter) or an FR-611 photoresistor (PbSe ele-
ment, sensitivity range of 0.6–4.4 

 

µ

 

m). Light emission
was registered in the spectral range of 3.4–3.8 

 

µ

 

m.
Light with 

 

λ

 

 < 3.4 

 

µ

 

m was cut off using an InAs filter,
and 

 

λ

 

 = 3.8 

 

µ

 

m is the transmission cutoff of quartz. The
photoresistor FR-611 was fitted with a resonance
preamplifier, whose signal was directed to a U2-8
selective amplifier. The signal from the amplifier U2-8
was directed to an S9-16 oscilloscope. The oscilloscope
recorded a variable signal, whose envelope was the
kinetic profile of IR radiation.

In the case of self-ignition, we recorded the emis-
sion from the electronically excited 

 

éç

 

•

 

 

 

radicals
(

 

A

 

2

 

Σ

 

+

 

) at 

 

λ

 

 = 306 nm using an interference filter (

 

∆λ

 

 =
25 nm) and an FEU-71 photomultiplier. The signal
from the photomultiplier was directed to one of the
inputs of an S9-16 dual-trace memory oscilloscope
operating in the leading mode. The synchronization
input of the oscilloscope received the signal from the
optocoupler used to detect the instant the gas admission
assembly and let the combustible mixture into the vac-
uumized reactor. This enabled us to measure induction
periods and ignition delays (see below).

The first ignition limit 

 

P

 

1

 

 was determined by the
bleed-off method [5]. Experiments on 
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 + é

 

2

 

 mix-
tures containing admixtures were done in a reactor
coated with magnesium oxide, and experiments on
NG +

 

 2é

 

2

 

 mixtures were performed over a quartz sur-
face. According to gas chromatography data, NG con-
tained 98% methane and 2% (propane + butane). 
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 were reagent-
grade; 

 

ëël

 

4

 

, TiCl
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, and MgO were extrapure-grade.

RESULTS AND DISCUSSION

 

Determination of the Rate Constants of the Reactions
of Hydrogen Atoms with 
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 and iso-
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 Molecules 
by the Ignition Limit Method

 

A convenient way of investigating combustion in the
presence of active admixtures is by doing it under iso-
thermal conditions near the first ignition limit, using the
ignition limit method to determine the rate constants at
combustion temperatures [15]. The low pressures cor-
responding to these conditions, at which trimolecular
chain termination is negligible, allowed us to distin-
guish the inhibitor deactivating the active sites involved
in chain propagation and the phlegmatizer effective in
trimolecular chain termination. In this work, we mea-
sured 

 

P

 

1

 

 and the self-ignition induction period (

 

τ

 

) in the
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absence of an admixture (

 

τ

 

0

 

) and in the presence of an
admixture (

 

τ

 

In

 

). In the strict sense, for inhibitor-con-
taining mixtures we measured the ignition lag time 

 

τ

 

lag

 

.
This value is the sum of the ignition delay 

 

τ

 

delay

 

, which
is the time required for the mixture to come to the self-
ignition region via inhibitor consumption, and the
induction period 

 

τ

 

In

 

 itself:

 

τ

 

lag

 

 = τdelay + τIn. (1)

Since the duration of the reaction ç2 + é2 is
5−50 ms and is much shorter than τ0 (and τIn), the τlag

and τ0 values were determined as the time interval
between the mixture admission moment and the éç•

(A2Σ+) chemiluminescence intensity peak. For correct
determination of P1 under conditions such that inhibitor
consumption can distort the measurements, it is neces-
sary to take into account relationship (1). It was demon-
strated [16] that, if the P1 measurements are not dis-
torted by inhibitor consumption, then, at a given ratio of
the initial pressure to P1, the true induction period τIn

for an inhibitor-containing mixture will be shorter than
τ0 for the inhibitor-free mixture. Therefore, the relation-

ship τIn < τ0 at /  = / , where  is the first

ignition limit in the absence of an inhibitor and  and

 are the initial self-ignition pressures in the presence
and in the absence of the inhibitor [17], provides a cri-
terion for checking that the observed first self-ignition

limit  is undistorted. This criterion was used in this
study when determining the first limit for inhibited self-
ignition (hereafter, the first self-ignition limit in the
presence and in the absence of an inhibitor is desig-
nated P1).

Because the ignition limit method requires knowl-
edge of the combustion mechanism, rate constants have
mainly been determined for ç2 + é2 (and ç2 + ëé +
é2) flames in the presence of those small admixtures
whose reactions are of interest. In these flames, the
chain branching and termination rates are determined
only by reactions of hydrogen atoms. Below, we will
also consider chain termination on an inhibitor involv-
ing O atoms and éç• radicals [18]. In the determina-
tion of the rate constants of homogeneous reactions by
means of P1 measurements, it is necessary to know the
rate constants of the heterogeneous recombination of
chain carriers, which can be derived with a high degree
of accuracy from data obtained in the diffusion-con-
trolled chain termination region. The recombination
rate constant for a cylindrical reactor is k4 = 23.2 D/d2,
where D is the diffusion coefficient of the active site
and d is the reactor diameter [19].

At temperatures well above the self-ignition penin-
sula cape temperature and pressures close to P1, the
mechanism of hydrogen combustion in the presence of
an unsaturated hydrocarbon (e.g., iso-ë4ç8) can be rep-

P0
In P1

In P0
0 P1

0 P1
0

P0
In

P0
0

P1
In

resented as follows (the mean rate constants of the reac-
tions presented below were used in the calculations):

(0)

(I)

(II)

(III)

ç + wall  termination, (IV)

ç + iso-ë4ç8  iso- , (V)

(VI)

(VII)

(VIII)

 + wall  termination. (IX)

In reaction (V), the hydrogen atom is added at the

double bond to yield the unreactive radical iso-ë4 ,
which ensures chain termination via consecutive reac-
tions (VIII) and (IX) [26]. The expression for P1 based
on the above mechanism can be reduced to the follow-
ing form [18]:

[O2]In = βk4/2k2 + βk5/2k2[iso-C4H8]In, (2)

where β = (1 + k6[iso-C4H8]/k3[H2])(1 + k7[iso-
C4H8]/k1[H2])/(1 – k6k7[iso-C4H8]2/k3k1[H2]2) and the
concentration values correspond to P1.

Taking into account the dependence of D on temper-
ature, we will represent k4 as

k4 = 23.2(T/273)n × 760D0/(Pd2), (3)

H2 O2 2OH•,+

k0 0.32 10 9–×=

× 21890/T–( ) cm3 molecule 1–  s 1–  20[ ],exp

OH• H2 H2O H,+ +

k1 0.55 10 11–×=

× 2000/T–( ) cm3 molecule 1–  s 1–  21[ ],exp

H O2 OH• O,+ +

k2 0.30 10 9–×=

× –8379/T( ) cm3 molecule 1–  s 1–  22[ ],exp

O H2 OH• H,+ +

k3 0.31 10 9–×=

× –6900/T( ) cm3 molecule 1–  s 1–  23[ ],exp

C4H9
•

O iso-C4H8 products,+

k6 0.11 10 10–×=

× 128/T( ) cm3 molecule 1–  s 1–  24[ ],exp

OH• iso-C4H8 products,+

k7 0.95 10 11–×=

× 503/T( ) cm3 molecule 1–  s 1–  25[ ],exp

iso-C4H9
• O2 iso-C4H8 HO2

• ,+ +

HO2
•

H9
•
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where D0 is the diffusion coefficient for the mixture of
the given composition at 760 Torr and 273 K, P is pres-
sure (Torr), T is temperature, and n is between 1.5 and
1.8 and tends to 1.5 as the temperature is raised [27].
Replacing the concentrations with partial pressures and
taking into account Eq. (3), we derive the following
expression from Eq. (2):

 = β(T/273)2.5D0 × 10–19/2k2 + βk5/2k2 . (4)

The temperature dependences of P1 for detonating
mixtures containing iso-ë4ç8 and ë3ç6 over the MgO
surface are presented in Figs. 1a and 1b, respectively.
Clearly, iso-ë4ç8 is a more effective inhibitor than pro-
pylene. As is shown in Figs. 1c and 1d, the data of the
measurements at a constant temperature lie on straight
lines in the –PPIn coordinates, indicating the con-
stancy of the coefficient β under the measurement con-
ditions examined. Since Eq. (4) is valid far from the
cape of the self-ignition peninsula, we plotted data
points for P1 < 12 Torr in these coordinates, as was done
in, e.g., [28]. The ordinate intercept, which is equal to
β(T/273)2.5D0 × 10–19/2k2, gives a k2 value close to the
known value [22] at β = 1. This may mean that reac-
tions (VI) and (VII) do not cause chain termination, but
are chain propagation reactions. From the ratios of the
slopes of the straight lines in Figs. 1c and 1d to the free
term of Eq. (4), we estimated the k5 values, whose
Arrhenius plots are presented in Figs. 1e and 1f. The
activation energies and the preexponential factors of the
rate constants were found to be equal to 4600 ±
1650 kJ/mol and (0.8 ± 0.3) × 10–11 cm3 molecule–1 s–1

for iso-ë4ç8 and 12100 ± 3300 kJ/mol and (1.0 ± 0.3) ×
10–11 cm3 molecule–1 s–1 for ë3ç6. Clearly, the energy
barrier for the reaction between H and iso-ë4ç8 is
lower owing to the stronger inductive effect of the two
methyl groups. At the same time, the preexponential
factor for this reaction is smaller because of the greater
steric hindrance to the approaching hydrogen atoms.
The fact that the characteristics of the process depend
on the position of the π bond in the inhibitor molecule
suggests that the chain avalanche plays a significant
role in combustion. This dependence was observed for
the first time in a study of the effect of ë3ç6 and iso-
ë4ç8 on flame propagation in hydrogen-containing
mixtures [13].

There has been a report in which the rate constants
of the reactions of hydrogen atoms with the unsaturated
hydrocarbons are larger than the corresponding values
measured in this study and are equal to 0.6 ×
10−10Âı(−849/T) cm3 molecule–1 s–1 for iso-ë4ç8 and
0.22 × 10−10Âı(−785/T) cm3 molecule–1 s–1 for ë3ç6
[29]. This discrepancy may arise from the fact that Har-
ris and Pitts [29] used a different experimental proce-
dure. They used a jet reactor containing an unsaturated
hydrocarbon and methane as a source of hydrogen
atoms and irradiated the mixture with a flash lamp [29].
The decline of the hydrogen atom concentration after a

PPO2
PPiso-C4H8

PPO2

light pulse was monitored by the resonance fluores-
cence method. It was assumed in that study that hydro-
gen atoms result from methane decomposition under
the action of a light pulse from the flash lamp and that
the hydrocarbon reacts with the thus-generated H
atoms. However, under these conditions, H atoms result
from hydrocarbons as well and react with some mixture
of intermediate species produced by photolysis. This
can be responsible for the large values of the preexpo-
nential factors of the rate constants. Note that the sub-
stitution of the rate constants from [29] into Eq. (4) and
P1 calculation using the resulting equation suggest that
the inhibitors shift the self-ignition region of the detonat-
ing mixture by more than 100 K to higher temperatures.
This result is inconsistent with the available experimen-
tal data and indicates that the rate constants reported in
[29] are overestimated. Very different values have been
reported for the H + ë3ç6 reaction, which range between
1.3 × 1013Âı(–820/T) cm3 molecule–1 s–1 [30] and
4.6 × 1014Âı(–2568/T) cm3 molecule–1 s–1 [31]. Our
value of the activation energy of this reaction is inter-
mediate between these values.

For independent verification of our values of k5 and
β = 1, we calculated τlag values for mixtures containing
an inhibitor (iso-C4H8) by solving the kinetic equations
corresponding to mechanism (0)–(VII), which are
unsteady-state with respect to the initial reactants and
active sites, in the framework of the Cauchy problem.
We used the eighth-order Runge–Kutta method, run-
ning the program package Maple 9.5. The τlag = τdelay +
τIn value was taken to be equal to the time interval
between the zero-time point and the H concentration
peak. Figure 2 presents the calculated and experimental
data for iso-C4H8. It is evident from Fig. 2 (compare the
experimental data with calculated curve 1) that the best
agreement between the calculated and experimental
data is observed for β = 1. Therefore, the reactions of H
atoms and éç• radicals with molecules of the unsatur-
ated hydrocarbon possibly lead to chain propagation.

Thus, the branched-chain mechanism quantitatively
determines the laws of hydrogen combustion, as is
unequivocally indicated by the agreement between the
experimental and theoretical data. It is clear from the
above data that self-heating before ignition is negligi-
ble. Otherwise, there would have been no agreement
between the experimental and theoretical data.

Self-ignition of Hydrogen and Natural Gas Mixtures 
with Oxygen in the Presence of Active Admixtures

Earlier, we demonstrated that chromium and molyb-
denum carbonyls, which inhibit the combustion of
hydrocarbons (as was shown for ë3ç6 as an example),
promote the combustion of hydrogen [32]. From this
finding, we inferred that the role of hydrogen atoms in
a chain unit is not limited to the reaction cycle (I)–(III).
Propylene is an effective inhibitor of hydrogen combus-
tion [2], and ëël4 is regarded as a methane combustion
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inhibitor [33]. SF6 admixtures reduce the second self-
ignition limit for the reaction ç2 + é2 [34], playing a

significant role in the stabilization of the  radical

through the reaction H + é2 + SF6   + ;
that is, SF6 is a combustion phlegmatizer. Carrying out
the oxidation of ç2 and NG in the presence of these

HO2
•

HO2
• SF6

V–V

admixtures enabled us to verify the conclusions made
in [32]. The stoichiometric methane + oxygen mixture
self-ignites at higher temperatures than the detonating
mixture because methane combustion is a less intensive
process. Furthermore, the induction period in this pro-
cess near P1 is longer than 10 min [35]. This causes
serious difficulties in P1 measurements. For this reason,
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Fig. 1. Combustion of the detonating mixture over the MgO surface in the presence of ë3ç6, iso-ë4ç8, CCl4, and SF6: (a) temper-
ature dependences of P1 in the presence of (1) iso-ë4ç8, (2) CCl4, and (3) SF6 (the numbers at the curves are iso-ë4ç8 concentra-
tions); (b) temperature dependences of P1 in the presence of ë3ç6 (the propylene concentrations are indicated at the curves); (c) plot
of Eq. (4) for iso-ë4ç8 at (1) 908, (2) 920, (3) 930, (4) 940, and (5) 950 K; (d) plot of Eq. (4) for ë3ç6 at (1) 896, (2) 910, (3) 930,
and (4) 940 K; (e, f) logk5 versus 1/T for (e) iso-ë4ç8 and (f) ë3ç6.
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in the study of the reaction NG + é2 in the presence of
an admixture, the induction period (or the ignition lag
time) was measured at preset values of pressure and
temperature. The τ0 values for the NG + 2é2 mixtures
were somewhat smaller than the same values measured
for ëç4 + é2 mixtures [35]. This discrepancy is due to
the presence of more readily ignitable hydrocarbons in
NG. Prior to the main experiments, we determined the
lower concentration limit (LCL) of ignition in reactor II
at 1 atm and 298 K, which was found to be (4.65 ±
0.05)%. This value was determined as the arithmetic
mean between two NG concentrations in air such that
initiated ignition was not observed for the lower one
and was observed for the higher one. The LCL of NG
appeared to be lower than the LCP of pure methane.
This is in agreement with earlier data [5].

At 963 K, τ0 for the NG + 2é2 mixture was repro-
ducibly measured to be 22 ± 2 s. In the presence of 1%
ëël4, we measured τlag = 63 ± 5 s at 963 K. The fact that
an ignition lag is observed experimentally means that
the inhibitor (CCl4 in this case) affects the rate of one of
the steps of the chain unit of methane oxidation [36].

By contrast, in the presence of 2% SF6,  = 21 ± 4 s;

that is,  ≈ τ0. This indicates that SF6 is not an inhib-
itor, but a combustion phlegmatizer involved in trimo-
lecular chain termination. On the other hand, a 1%

ë3ç6 admixture reduces the ignition lag  to 16 ±
4 s at the same temperature; that is, ë3ç6 is a promoter
of methane combustion. Taking into account that pro-
pylene self-ignites more readily than methane [33] and
that the LCL of NG is 0.5% lower than the LCL of ëç4
(because of the presence of higher hydrocarbons; see
above), the latter inference is obvious.

The temperature dependences of P1 for the detonat-
ing mixture over the MgO surface in the absence and in
the presence of the above admixtures are plotted in
Figs. 1a and 1b. Clearly, the unsaturated hydrocarbons
exert a marked inhibiting effect on the ignition of the
2ç2 + é2 mixture. At the same time, neither ëël4 nor
SF6 has an appreciable effect on P1. The experimentally
discovered opposite effects of the active admixtures
ë3ç6 and ëël4 on the self-ignition of hydrogen and NG
suggest that hydrogen atoms do not play a crucial role
in hydrocarbon oxidation, which is in agreement with
our earlier results [32]. However, they are involved at
least in longer reaction chains than are observed in
hydrogen oxidation.

Note that, in the pressure range in which the above
experiments were performed, the laws of gas combus-
tion are determined by the chemical factor rather than
by the thermal factor. The ignition of methane (and
hydrogen above 20 Torr) is accompanied by a typical
pop indicating that noticeable self-heating takes place.
At the same time, experiments demonstrate that the
combustion of the 2ç2 + é2 mixture (T = 860 ä,
P = 23 Torr, Fig. 1a) is completely suppressed at an

τ
SF6

τ
SF6

τ
C3H6

inhibitor concentration of 0.5%, which is too low to
change the thermophysical properties of the combusti-
ble mixture. This prompted us to perform a special-pur-
pose study to elucidate the order in which self-heating
and a chain avalanche take place in the flame front at
atmospheric pressure.

The Determining Role of the Chain Mechanism
in the Initiated Ignition of Natural Gas + Air

and Diethyl Ether + Air Mixtures
at Atmospheric Pressure

Metal carbonyls are known to be effective suppres-
sants of hydrocarbon combustion [33]. However, these
compounds are extremely toxic and, as a consequence,
find only limited application [37]. Their inhibiting
activity is attributed to the formation of highly reactive
metal and metal oxide nanoparticles during combustion
[32, 38]. In this study, we used a mixed inhibitor con-
sisting of a metal chloride much less toxic than the car-
bonyls (specifically, TiCl4) and CO2. We demonstrate in
Fig. 3 that a 0.4% TiCl4 admixture reduces the natural
gas oxidation rate (determined as the pressure or
chemiluminescence increase rate) by a factor greater
than 10. Thus, the very exothermic combustion process
at atmospheric pressure can be inhibited by a small
amount of the reactive admixture.

4

3

2

1

0
2018161412

P, íÓrr

τlag, s

2

1

Fig. 2. Pressure dependences of the self-ignition lag time
for the detonating mixture in the presence of 0.75% iso-
ë4ç8 at 905 K. The points represent experimental data. The
lines represent calculated data: (1) reactions (VI) and (VII)
are ignored; (2) reactions (VI) and (VII) are taken into
account.
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It is also clear from Fig. 3a that the chemilumines-
cence increase rate peak occurs 150 ms earlier than the
pressure growth rate peak (these peaks are indicated by
arrows). The pressure growth in initiated ignition is
uniquely determined by the temperature growth
because the number of moles is almost invariable
throughout the reaction. Obviously, the temperature
growth is a measure of reaction intensity. In our exper-
iments, the pressure value reflected the average temper-
ature of the gas mixture. Thus, it follows from Fig. 3a
that the chain avalanche in combustion is developed
definitely earlier than heat evolution begins. These data
were verified by studying diethyl ether flame propaga-
tion in reactor III. Figure 4 presents the simultaneous
oscillogram of λ = 431.5 nm radiation (CH, A2∆ – X2Π
transition), temperature, and IR radiation in the region
of the vibrational–rotational transition in ç2é (v = 1)
measured at the reactor cross section 80 cm away from
the ignition point. Clearly, the peak of CH radiation in
the flame front occurs much earlier than both the tem-
perature peak and the IR radiation peak (the latter also
reflects the increase in heat evolution during combus-

tion). The response time of a thermocouple 40 µm in
diameter is ~25 ms [39], so the thermocouple inertia
could not distort the measurements to any significant
extent. Note that we compare the times at which the
peaks of the above quantities occur, not the quantities
themselves. Thus, for combustion in both a closed ves-
sel and in a reactor open at one end, chemilumines-
cence is detected much earlier than self-heating. The
data presented in Figs. 3 and 4 provide convincing evi-
dence that the development of a chain avalanche pre-
cedes heat evolution in the flame front; that is, in agree-
ment with earlier reports [1–4, 40], self-heating is a
consequence of a developed chain reaction.

Thus, the upper limits of the rate constants of the
reactions of hydrogen atoms with ë3ç6 and iso-ë4ç8
molecules have been estimated by the ignition limit
method. The energy barrier in the H + iso-ë4ç8 reac-
tion is lower owing to the stronger inductive effect of
the methyl groups in the isobutylene molecule. At the
same time, the preexponential factor for this reaction is
smaller because of the greater steric hindrance for
approaching hydrogen atoms. The methane combustion
CCl4 exerts no effect on the first limit of hydrogen igni-
tion; that is, the role of hydrogen atoms in hydrocarbon
oxidation likely consists of participating in longer reac-
tion chains than are observed in hydrogen oxidation. By

200 ms Time

(b)

(‡)
1

2

1

2
∆P

Spark

ICL

∆P

ICL

Fig. 3. Oscillograms characterizing the initiated ignition of
natural gas in air: (a) 7.5% NG + 13% ëé2 + air, P = 1 atm,
T = 298 K; (b) 7.5% NG + 13% ëé2 + 0.4% TiCl4 + air,
P = 1 atm, T = 298 K. (1) Time profile of chemilumines-
cence intensity. (b) Time profile of pressure.

1

2

3

200 ms

Time

Fig. 4. Simultaneous oscillogram of (1) radiation from CH
(λ = 431.5 nm), (2) temperature, and (3) IR radiation from
ç2é (v = 1 region) for flame propagation in the reactor
with an open end. P = 1 atm.
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the examples of natural gas and diethyl ether oxidation
with air at atmospheric pressure, it has been demon-
strated that the chain reaction mechanism determines
the main laws of combustion. The chain avalanche pre-
cedes self-ignition. The fact that the chemical mecha-
nism governs combustion both in the self-ignition
regime and in the flame propagation regime does not
allow one to represent the combustion process as a sin-
gle-step reaction.
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