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The potential wide use of environmentally friendly low-carbon gas
fuel based on natural gas, hydrogen, their mixtures, and syngas in
power generation and transport requires detailed information
about the kinetics of ignition of these gases at temperatures below
1000 K, at which fuel ignition occurs in internal combustion 54
engines (ICEs) and gas turbines. The same temperature range is

also important for monitoring the storage and transportation
conditions of these fuels. Although there are quite a few studies 150
addressing the ignition of classical gas fuels such as methane or
hydrogen, there is an obvious lack of works dealing with real ,
natural gases and gas mixtures. Furthermore, even for methane 100
and hydrogen, data on the ignition at high temperatures

(T> 1000 K), which have been mainly gained by the shock-wave
method for highly diluted mixtures, are at variance with the kinetic 50
estimations for real conditions of operating with them or their use
in ICEs. Considering the ignition characteristics at 7< 1000 K is .
also important for syngas, the largest-scale base product of gas 0 20 40 60 80 100
chemistry and the main industrial source of hydrogen. The [HJ], %

pronounced discrepancies between the extrapolation of the results

obtained for high-temperature ignition to lower temperatures and the results of kinetic modelling of these processes make it necessary
to analyze their causes. This review addresses new experimental results on the ignition of methane—alkane and methane—hydrogen
mixtures (real gas fuels) and kinetic modelling of these processes, which reveal significant changes in the ignition behaviour at
T'< 1000 K. These changes in the ignition process upon the variation of the temperature, pressure, and composition of the mixture are
related to significant changes in the methane and hydrogen oxidation mechanisms in this temperature range. They are mainly caused
by changes in the kinetics and, hence, the role of peroxide compounds and radicals in methane and hydrogen oxidation following
temperature and pressure variation. The established features bring about the question of the adequacy of the existing criteria for
assessing the knock resistance of gas engine fuels, primarily those containing hydrogen, when they are used in ICEs, and for assessing
their explosiveness and measures taken for their safe handling. The review considers the possible methods for improving the knock
characteristics of natural and associated gases to meet the requirements of power equipment manufacturers.

The bibliography includes 128 references.
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1. Introduction

The current stage of development of the world economy is
governed by two global trends: the apparent stabilization of oil
production,! which would inevitably decline in the future,
making oil progressively less accessible, and the desire to reduce
greenhouse gas emissions during power generation. The
decrease in the greenhouse gas emission was announced as a
goal of the Paris climate agreement,” intended to stabilize the
observed climatic processes or, at least, delay their
consequences.3 This is usually formulated as a demand to
reduce the carbon footprint of the global energy. The most real
way for reducing the carbon dioxide emission upon power
generation is to more widely use natural fuels and secondary
energy carriers with low carbon content, which include natural
gas, syngas, and hydrogen.

Of the listed low-carbon gas fuels, only natural gas is a
primary energy source. The natural gas resources in Earth’s
crust, including unconventional resources, such as shale gas,
coalbed methane, gas hydrates, and several other, are enormous
and can supply the world’s energy production industry for quite
a long period of time.*> Syngas and hydrogen are secondary
energy carriers, which are mainly produced from natural gas and
coal. Since the production of secondary energy carriers is always
associated with additional expenses and, furthermore, hydrogen
and syngas have a significantly lower specific volumetric energy
content than even methane and the problems of their
transportation and long-term storage still lack a reasonable
solution,®7 one can hardly expect that they will play a serious
role in the global energy in the near future. However, their more
extensive use for solving local environmental problems,
particularly in the field of transport, by partial conversion of the
traditional hydrocarbon fuels directly on-board the vehicle,®° is
quite probable.

The prospects for wide use of various gas fuels for energy
production and transport dictate the need for thorough analysis
and control of conditions of their ignition and combustion, first
of all, in the pressure and temperature regions that most closely
correspond to the conditions of their real application. Most
often, this concerns moderate temperatures. For example, as
shown in a recent study, ' the ignition of the fuel mixture in ICE

V.S.Arutyunov. Doctor of Science in Chemistry, Professor, Head of
the Laboratory of Hydrocarbon Oxidation of FRCCP RAS.

E-mail: v_arutyunov@mail.ru

Current research interests: Kinetics of gas-phase reactions, oxidative
conversion of hydrocarbon gases, environmental and resource
problems of energy and transport.

A.V.Arutyunov. Candidate of Science in Physics and Mathematics,
Researcher at FRCCP RAS.

E-mail: aarutyunovv@gmail.com

Current research interests: oxidation and conversion of hydrocarbons,
mathematical modelling of complex chemical processes.
A.A.Belyaev. Candidate of Science in Physics and Mathematics,
Leading Researcher at FRCCP RAS.

E-mail: belyaevihf@yandex.ru

Current research interests: combustion of hydrocarbon gases and
chemical kinetics of gas-phase reactions, mathematical modelling of
complex chemical processes.

K.Ya.Troshin. Doctor of Science in Physics and Mathematics, Chief
Researcher of FRC CP RAS.

E-mail: troshin@chph.ras.ru

Current research interests: combustion and oxidation of hydrocarbon
gases, chemical kinetics of gas-phase reactions.

Translation: Z.P.Svitanko

takes place in the 500—900 K temperature range and, hence, it is
determined by the kinetics of processes that occur at these
temperatures. However, the vast majority of studies on the
ignition of hydrocarbon gases were carried out in shock waves,
which is most common for studying high-temperature
processes,'!~13 the lower temperature limit of which is only
slightly below 1000 K. Therefore, the intricate and interesting
details ofignition of methane and hydrogen at lower temperatures
have not received due attention so far. One more considerable
drawback of shock-wave experiments is that they are usually
carried out under high dilution of the reactants with an inert gas,
which inevitably influences the reaction kinetics.

Lower-temperature  ignition is studied using rapid
compression machines !4 and static bypass installations (high-
pressure bombs).!>1¢ However, these methods also have
drawbacks and limitations. In particular, static bypass
installations (SBIs) are unsuitable for investigation of very fast
ignition of hydrogen and mixtures with high hydrogen contents.
Therefore, kinetic modelling plays an important role in
determining the features of ignition of methane, hydrogen, and
mixtures containing these gases.

Today, quite reliable kinetic mechanisms describing the
oxidation of light hydrocarbons and hydrogen at moderate
temperatures (7 < 1500 K), suitable for analyzing processes in
this temperature range, have been reported in the literature. Our
analysis of the known mechanisms 7 and the results of analysis
of these mechanisms by other authors '8 made it possible to give
preference to the group of mechanisms proposed at the National
University of Ireland (NUI, Galway), in particular
NUIGMechl.1, AramcoMech 3.0, and some other,'® which
were used in most of our kinetic studies, in particular those
considered here.

The present review addresses the experimental results
obtained to date on the ignition of methane, hydrogen, and
mixtures containing these gases at moderate temperatures
(T <1000 K) and the kinetic analysis of these processes. Out of
the large array of studies on the ignition of considered gases at
higher temperatures, we mention only those in which the
temperature range was close to the temperature range of interest
and the results of which illustrate, to some extent, the trends
observed at lower temperatures.

2. Ignition of methane and other light
alkanes

The ignition delay time is a highly important characteristic of
ignition of any fuel, including hydrocarbons. Owing to very
strong C—H bonds, methane is among the least reactive
hydrocarbons?%-2! characterized by long ignition delay and,
correspondingly, high knock resistance. The ignition delay time
of methane is much longer than those of other alkanes. As a rule,
this value decreases with increasing number of carbon atoms in
the molecule. However, even in an early study,'! in which
ignition delay times of the first five alkanes C,—Cs; were
determined in the reflected shock waves in the range of
1165—1900 K, the authors paid attention to an abnormal
behaviour of ethane in this series: ignition delay time of ethane
was not located between those of methane and other alkanes, but
was noticeably shorter than the ignition delay times of n-propane
and even n-butane. The effective activation energy of ignition
delay for methane found in this study was approximately
50 kcal mol™!, which is much higher than the value of
~40 kcal mol~!, corresponding to ethane, propane, and butane.
Only n-pentane had a markedly lower activation energy of
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ignition delay (~37 kcal mol ). The authors suggested that the
abnormal behaviour of ethane is due to the fact that it gives two
methyl radicals upon dissociation. Except for the two first
members of the series, methane and ethane, other gaseous
alkanes are very similar in their ignition behaviour at elevated
temperatures in stoichiometric mixtures with oxygen.

Similar values for the effective activation energy of ignition
delay were found using a flow test rig at atmospheric pressure in
the 925 < T <1060 K temperature range for heavier homologues
of methane, including propane, n-pentane, and aviation
kerosene.?? These values were 38.2 kcal mol~! for propane and
40.9 kcal mol™! for kerosene.

Higher activation energies of ignition delay for C;—Cj
alkanes were found in reflected shock wave experiments for
higher temperatures (1485—1900 K), pressures of 3—13 atm,
and the equivalence ratio (fuel excess ratio) ¢ =0.5-2 for
alkanes diluted with 95-99 vol.% argon. The results were as
follows: 54.5 kcal mol™! for methane, 55.6 kcal mol™! for
ethane, and 56.9 kcal mol! for n-propane.?

Holton et al.** investigated the ignition of methane, ethane,
and n-propane under flow conditions at atmospheric pressure,
¢ =0.5-1.25, and a temperature of 930—1140 K. The activation
energy of methane oxidation amounted to 46.6 kcal mol™!.
Ethane and propane had similar oxidation activation energies:
40.0 and 38.5 kcal mol ™!, respectively. As the equivalence ratio
increased, ignition delay time decreased for both pure fuels and
methane, ethane, and propane mixtures.

An interesting study in the relevant temperature range from
785 to 935 K was carried out by Beerer and McDonell,2> who
used a turbulent flow reactor at elevated pressure (7 to 15 atm).
The authors determined the ignition delay times for both single
alkanes and alkane mixtures under conditions simulating the
conditions at the inlet to the fuel and air pre-mixing zone in
modern gas turbines with lean fuel—air mixtures. The authors
were also interested in the kinetics of processes in this
temperature range in which ignition is controlled by reactions
involving O, and H,0,. The results were compared with the
literature data on ignition at higher temperatures, which revealed
a number of interesting differences between these temperature
ranges. The resulting overall activation energies for methane,
ethane, and propane were 18.4, 33.5, and 29.9 kcal mol !,
respectively, with the possible error being estimated as
+2.4 kcal mol!. In other words, these values were markedly
lower than those reported in most other studies carried out at
higher temperature. As a result, the authors concluded that the
activation energy increases with temperature rise. A fact
deserving attention is that the minimum effective activation
energy of ignition delay was found for methane and the
maximum value was inherent in ethane. The ignition delay time
monotonically decreased with increasing pressure proportionally
to P~10=0.1 The effective activation energy of ignition delay
also slightly decreased with increasing pressure. Experiments
for alkane mixtures showed a similar pressure dependence. The
equivalence ratio in the range ¢ = 0.4—0.6 did not influence the
ignition delay.

The understanding of the ignition kinetics of light alkanes
and the corresponding unsaturated hydrocarbons can be gained
by using kinetic modelling of these processes. Unfortunately,
most of the early attempts of this modelling utilized kinetic
mechanisms developed to describe high-temperature combustion
of light hydrocarbons such as GRI-Mech 3.0 (Ref. 26) and the
like. These mechanisms do not include large blocks of
elementary reactions necessary to describe the low-temperature
processes occurring in the period of ignition delay of

hydrocarbons at low initial temperatures. First of all, this refers
to reactions involving peroxides and peroxyl radicals, which, as
shown below, make a significant contribution to low-temperature
oxidation processes?2! and ignition of hydrogen and
hydrocarbons. Therefore, although the kinetic description of
high-temperature ignition of these mixtures is satisfactory, the
modelling results in the temperature range of interest
(T <1000 K) have been repeatedly noted to deviate from the
experimental results.

The emergence of new mechanisms meant for the kinetic
description of lower-temperature oxidation processes involving
light alkanes and corresponding unsaturated compounds, first of
all, mechanisms developed by the NUI Galway team,!° enables
a more adequate analysis of the oxidation and ignition of light
hydrocarbons at lower temperatures. According to our analysis,!”
these mechanisms are applicable even at a markedly lower
temperature than it was initially assumed by their authors.

With direct participation of NUI Galway researchers, who
proposed a group of kinetic mechanisms,'® experimental and
theoretical studies of the ignition delay period of methane,
ethane, and ethylene were carried out.?” The studies covered
broad ranges of temperature (800—2000K), pressure
(1-80 bar), equivalence ratio (0.5—2.0), and inert gas dilution
(75-90 vol.%). The authors demonstrated the possibility of
reliable description of the kinetics of oxidative processes in
terms of these mechanisms.'” However, their analysis was
mainly based on shock-tube experiments, which require high
dilution of the components with an inert gas. Probably, that is
why, despite the broad temperature range, a number of interesting
phenomena described by Arutyunov and co-workers ¢ were left
unnoticed in this analysis. Below these features are considered
in more detail.

Arutyunov and co-workers,'®28 who used a static bypass
installation in the temperature range 7'=523-1000K,
demonstrated a sharp difference between the ignition delay time
of methane and those of its close homologues, C,—Cs, for which
the observed ignition delay times under the same conditions
were approximately equal (curve / in Fig. 1).

The temperature dependence of the ignition delay time t was
relatively well described in all cases by the Arrhenius relation

£, )

T=Aexp =T

where E, is the effective activation energy of ignition delay, 4 is
the pre-exponential factor, R is the gas constant. Meanwhile, the
ignition delay activation energy E, of single C,—C, alkanes
varied non-monotonically and had a clear maximum for ethane
(Fig. 2). Although, according to the known views on the relative
reactivities of these hydrocarbons,?®-2! it would be more
reasonable to expect that the activation energy of ignition delay
would be lower for ethane than for methane. However, as can be
seen in Fig. 2, the effective activation energy even for n-propane

[

Figure 1. Ignition  de-
2 lay time of C;—Cs alkane
mixtures with air (/) and
alkane (10 vol.%)—meth-
ane mixtures with air (2)
vs. the number of carbon
atoms MV, in the added al-

kane molecule. 7= 900 K,
RN ° P=1atm, ¢ =1; the dots
L, S T®----m---f----p are averaged results of two
1 2 3 4 5 N series of experiments.'®

N B [e) [e2) [
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E,, kcal mol™ . . .
Figure 2. Effective acti-

50 - ° vation energy E, of igni-
tion delay of single C;—-C,
alkanes vs. the number of

40 - carbon atoms N in the
alkane molecule (e and o
30 | . . correspond to two series of
experiments). 7'=900 K,
20 L~ . ' : P=1atm, ¢=1.0.16

is higher than that for methane, and only in the case of n-butane,
it is close to that of methane. The absence of data for heavier
alkanes, n-pentane and n-hexane, in Fig. 2 is due to the fact that
the oxidation of these alkanes in this temperature range is
substantially affected by the appearance of the negative
temperature coefficient (NTC) of the reaction rate, which makes
the choice of E, for these alkanes in this temperature range
almost arbitrary. This dependence of the effective activation
energy for the first members of the alkane series on the number
of carbon atoms N is quite consistent with analogous
dependence found for the same temperature range in a study 2
in which E, was found to be much lower for methane
(18.4 kcal mol!) than for ethane (33.5 kcal mol™!) and even for
n-propane (29.9 kcal mol ™).

This type of dependence of £, on N¢ is a consequence of the
unique mechanism of methane oxidation, which provides the
possibility of efficient chain branching in the 7’ < 900 K range
via the formation and the subsequent decay of methyl
hydroperoxide CH;OOH,?® which is absent even for the close
homologues of methane. The methyl radical resulting from
methane oxidation is involved in the following sequence of
transformations

CH;+0, — CH;00" — CH;00H —> CH;0"+OH’ (2)

leading to degenerate chain branching. Meanwhile, for all higher
homologues, the alkylperoxy radicals ROO" formed in a similar
way have a high probability of isomerization followed by decay
into the corresponding olefin Q- and unreactive HO; radical,
which results in chain termination

R’ +0, — ROO" — ROOH — Q~+HO; 3)

3. Effect of methane homologues and other
components on the methane ignition delay

3.1. Effect of methane homologues on the methane
ignition delay

Light gaseous C,—Cj5 alkanes are native components of natural
gas, always present in natural gas in some concentrations.
Therefore, study of their influence on the ignition and, hence, on
the knock resistance and other engine characteristics of gas fuels
is of high practical importance. All the more so, because, as will
be shown below, this influence is complex.

It is well known that even small amounts of heavier alkanes
substantially reduce the ignition delay time of methane.
According to Khalil and Karim,?® for the initial gas temperature
of 800 and 650 K, the addition of only 0.5 vol.% n-heptane to
methane leads to a decrease in the ignition delay time by 50%
and 75%, respectively. However, when the concentration of
heavier alkanes is above ~10vol.%, further change in the
ignition delay time becomes insignificant (Fig. 3). The greater
part of the total ignition delay period falls to the processes that

log (7, ms)

[n-C/Hygl, vol.%

Figure 3. Calculated ignition delay time (dashed line) and overall
combustion time (solid line) in an adiabatic constant volume reactor
vs. n-heptane content in the fuel mixture with methane for two initial
temperatures (7= 650 and 800 K). P=2.8 MPa, ¢ = 1.0.2°

occur at low temperature, because as the ignition develops and a
temperature above 1200 K is attained, fast branched-chain
reactions involving methyl radicals start to predominate, which
sharply accelerates the process.

The addition of any of methane homologues has a promoting
effect on the methane ignition. This promoting effect, in
particular that of ethane and n-propane, at moderate temperatures
(I'<1100K) was originally attributed to the action of
methylperoxy and methyl hydroperoxide compounds.

Holton et al.** reported experimental determination the
ignition delay times for methane—ethane and methane —propane
binary fuels and methane—ethane—propane and methane—
ethane—CO, ternary fuels under flow conditions at atmospheric
pressure, ¢ = 0.5—1.25, and temperature of 930—1140 K. The
addition of 5-10vol.% ethane or n-propane decreased the
ignition delay time of a methane-based binary fuel by 30—50%.
Further addition of ethane or n-propane further decreased the
ignition delay, but to a lower extent. The addition of either
ethane or n-propane to methane decreased the activation energy
of oxidation to approximately equal extents. The activation
energy of oxidation of the methane—ethane binary fuel was
42.2 kcal mol~!, while that for methane—n-propane was
41.8 kcal mol!. Like for single C,—Cs alkanes, the ignition
delay for methane, ethane, and n-propane mixtures decreased
with increasing equivalence ratio.

The abnormal behaviour of ethane in the series of alkanes
when added to methane was noted by Spadaccini and Colket 111,3!
who determined the ignition delay of pure methane, methane
containing small amounts of ethane, n-propane, or n-butane, and
a typical multicomponent natural gas by the shock wave method
in the 1300—1900 K temperature range, 3.5—15 atm pressure
range, and equivalence ratio ¢ = 0.45—1.25. In the correlation
equations obtained for the calculation of the ignition delay time
of methane with addition of various alkanes, the following
effective activation energies (kcal mol!) were taken: 45.0
for methane; 37.5 for methane+ethane; 43.1 for
methane +n-propane; and 39.2 for methane +butanes. Thus, the
lowest activation energy was taken for methane and ethane
mixtures, although butanes were somewhat more efficient in
reducing the ignition delay than ethane or n-propane. No
noticeable difference between n-butane and isobutane was
found.

The kinetic modelling based on the hydrocarbon oxidation
mechanism!'? of the effect of H,, C,H,, and n-C3Hg added to
methane demonstrated 32 that the addition of 10 vol.% ethane or
n-propane decreased the ignition delay ~4—5-fold; C,H¢ caused
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Figure 4. Effect of addition of H,, C,H,, and n-C;Hg on the ignition
of methane.*?

a more pronounced decrease in the ignition delay time than
n-propane, while any of the alkanes had a more pronounced
effect than hydrogen (Fig.4). The ignition delay time was
determined for both stoichiometric mixtures and mixtures with
$=0.5.

At a temperature of 785—935 K and an elevated pressure
(7—15 atm), which simulate the conditions at the gas turbine
inlet, in a turbulent flow reactor, it was shown that an increase in
the ethane or n-propane percentage in the mixture with methane
leads to monotonic decrease in the ignition delay time and
monotonic increase in the effective activation energy.2’ Despite
the fact that the general trends for methane mixtures with ethane
and n-propane were similar, n-propane decreased the delay time
to a greater extent than ethane, with their contents in the fuel
being equal. Fuels containing 0.1—1 vol.% C4—C¢ alkanes (with
5 to 10 vol.% ethane and n-propane content) were also studied.
The delay times for these fuels were approximately 1.5 times
smaller than those for pure methane under similar testing
conditions. In the authors’ opinion, this indicates that even trace
amounts of these alkanes have a pronounced effect on the
ignition delay.

A series of studies!>1%28 carried out using a bypass
installation in the range 7=1523-1000K at atmospheric
pressure demonstrated that the addition of any of the C,—Cj
alkanes has virtually the same effect on the ignition of methane
(Fig. 5).

When any of the C,—Cg alkanes was added to methane in an
amount of only 10 vol.%, the ignition delay time coincided with
that for this alkane; therefore, the measurements were limited to
mixtures containing less than 10 vol.% of these alkanes in
methane. In the case of methane mixtures with n-hexane, this
range was limited to 2.5 vol.% for operational reasons. It can be
seen from Fig. 5 that the dependences of the ignition delay time

7, S
8
Figure 5. Ignition
6 delay time in air for
binary methane—al-
4 kane mixtures vs.
the  concentration
of the added alkane
2 [C,]'6 T=900K,
P=1atm,¢=1.

8 [C,], vol.%

for all binary methane—alkane mixtures in air on the
concentration of the alkane additive are virtually identical.
Moreover, despite the considerable differences between their
carbon chain lengths and reactivities, the ignition delay times
are fairly similar when the concentration of the added alkanes
are equal. It should be noted that the addition of C,—Cg alkanes
even at the level of 1 vol.% decreases the methane ignition delay
time by a factor of two to three, while the addition of 10 vol.%
(see Figs 2 and 5) makes the ignition delay time of the mixture
virtually indistinguishable from the ignition delay time of the
hydrocarbon added; this is quite consistent with the results of
Khalil and Karim.?°

Despite the identical characters of the influence of various
light alkanes on the ignition delay time of methane, there were
also some differences. Contrary to expectations and the above-
indicated order of variation of the ignition delay activation
energy in the series of C,—C, hydrocarbons (see Fig. 2), the
most pronounced decrease in the ignition delay time of methane
in a binary mixture with alkane was induced by ethane (see
Fig. 1, solid line). The decrease in the ignition delay time upon
the addition of the same amounts of n-propane or n-butane was
markedly smaller. Only upon the addition of pentane, was the
ignition delay time somewhat shorter than that upon the addition
of ethane. This behaviour holds over the whole range of
concentrations of the added hydrocarbons (1 to 10 vol.%), and it
is consistent with the results of some other papers (see, e.g.,
Ref. 32). The obtained non-monotonic dependence of the effect
of C,—Cs hydrocarbons on the ignition delay time of
methane—air mixtures on the carbon chain length is non-trivial
and calls for detailed analysis of the process kinetics. This is
even more surprising in view of the fact that the ignition delay
times observed for single C,—Cs alkanes under the same
conditions were approximately equal (see Fig. 1, dashed line).

Nevertheless, as follows from Fig 1, in the firstapproximation,
the effects of addition of any of C,—Cjs alkanes on the ignition
delay of the methane—alkane—air mixtures are quite similar,
which suggests the possibility of their analytical description (see
Section 7).

Troshin et al.'® also investigated the influence of the
concentration of the C,—C;s alkanes on the ignition delay of
multicomponent methane—alkane mixtures simulating natural
gas, with the goal of elucidating the applicability of the additivity
principle for predicting the behaviour of these mixtures. This
would substantially simplify the evaluation of knock resistance
of complex gas mixtures directly from their composition and
would increase the velocity of analysis. The authors investigated
the ignition delays for ternary methane—alkane mixtures, with
the overall concentration of the added C,+ alkanes being
10 vol.%, but different ratios between the components, and also
more complex mixtures simulating the composition of the real
associated gas, in which the sum of the heavy components
>[C,H,, -] was ~10 vol.% (Fig. 6). For all mixtures containing
10 vol.% of heavier hydrocarbons in methane, the ignition delay
times differed insignificantly, within the experimental error of
their determination. Thus, the effect of the carbon chain length
in the added hydrocarbons can be considered to be insignificant,
in the first approximation. In view of the pronounced difference
in the reactivities of light alkanes, this result is quite unexpected.

The determined effective activation energies of ignition
delay for all mixtures containing ~10 vol.% heavier alkanes
added to methane also differ insignificantly and occur in the
range of 40+10 kcal mol™! (Fig. 7), which is characteristic of
the activation energy of ignition delay of ethane, n-propane, and
n-butane.!! No regular trends were found for the dependence of
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the activation energy in complex mixtures on the concentration
ratio of the alkanes added to methane (for invariable total alkane
concentration).

The influence of the added alkanes heavier than Cs on the
methane oxidation and ignition and the influence of the methane
addition on the ignition and behaviour of these mixtures in
diesel engines is permanently in the focus of research attention.
However, these studies can hardly add anything conceptually
new to the understanding of the ignition kinetics of methane
mixtures with alkanes. A study of the ignition of
methane—n-heptane mixtures under conditions resembling
engine conditions demonstrated ** that the addition of n-heptane
promotes the ignition of methane. In this case, the phenomena
related to NTC of the reaction rate typical of these alkanes are
clearly manifested. The higher the fraction of n-heptane in a
mixture and the higher the equivalence ratio, the more
pronounced these phenomena. Study of the product formation
and consumption indicates that methane is ignited as a result of
n-heptane combustion. However, the subsequent process is
mainly controlled by the reactions related to methane oxidation,
as the oxidation of n-heptane is completed very rapidly, and the
greater part of the fuel is represented by methane. The n-heptane
contribution to the ignition decreases with increasing initial
temperature.

The results of oxidation experiments in the temperature range
of interest (450—900 K) at a pressure of 21 and 100 atm of
stoichiometric and lean mixtures of methane with n-heptane in a
laminar flow reactor were described by Thorsen et al.3* Under
any of the conditions, the n-heptane conversion started at
T<600 K and was completed below 900 K. At a pressure of
21 atm, a region of reaction rate NTC was clearly manifested. At
a sufficiently high temperature, the presence of n-heptane
promoted the methane oxidation by initiating its onset at the
moment of complete conversion of n-heptane. It is of interest
that, in comparison with the oxidation of pure n-heptane, the
presence of methane, in turn, promoted n-heptane oxidation

over the whole temperature range, probably, as a result of
formation of methyl radicals.

3.2. Effect of unsaturated compounds
on the methane ignition delay

The effect of unsaturated compounds on the ignition delay of
methane is of special interest. Alkenes, and also cycloalkanes
are widely used to increase the engine performance of liquid
hydrocarbon fuels. As arule, they have better engine performance
than alkanes containing the same number of carbon atoms.’
Using experiments with a bypass installation and kinetic
modelling, the ignition delays for stoichiometric
methane—ethylene—air mixtures have been studied at an initial
temperature in the range 7= 800—1000 K at pressures P = 1 and
3 atm.3%37 As the ethylene concentration in stoichiometric
methane—ethylene—air mixtures increases, the ignition delay
time monotonically decreases, but less sharply than the ignition
delay times of the stoichiometric methane—air mixtures upon
the addition of C,—Cg4 alkanes. Whereas the addition of any
C,—Cq alkane in an amount of only 10 vol.% decreases the
ignition delay time of methane in air to a value corresponding to
the ignition delay of the added alkane itself (see Fig. 5), in the
case of methane—ecthylene—air mixtures, the ignition delay time
characteristic of ethylene is attained only when the ethylene
concentration is >60 vol.%. However, the overall pattern of
dependence of the ignition delay of stoichiometric methane—air
mixtures on the concentration of the added hydrocarbon
was quite similar for methane—ethylene—air and
methane—ecthane—air mixtures. An increase in the pressure
shortened the ignition delay time,3” without changing the general
pattern of its dependence on the ethylene concentration in the
mixture.

It was established experimentally that the effective activation
energy of the ignition delay increases with increasing
concentration of ethylene in the mixture. A comparison with the
ignition delay of methane—ethane—air mixtures provided the
conclusion that the knock resistance of light C,—C; alkenes, in
particular, in their mixtures with methane, does not exceed the
knock resistance of the corresponding alkanes.

3.3. Effect of inert components on the methane
ignition delay

Since it is known that the addition of inert components increases
the knock resistance of fuels, it is of interest to study their effect
on the ignition of methane fuel. Holton et al.?* studied the effect
of CO, addition on the ignition of a binary fuel mixture
consisting of methane (75 vol.%) and ethane (25 vol.%). This
mixture was diluted with CO, in form mixtures containing 5 and
10 vol.% CO,. The resultant ignition delay of the mixtures
containing CO, did not differ significantly from the ignition of
the mixture containing no CO,. For the highest temperature
(1137 K) and ¢ = 0.5, the addition of 5 vol.% CO, increased the
ignition delay time by only 2%, but an increase in the CO,
concentration to 10 vol.% resulted in an increase in the ignition
delay time by 46%. This is attributable to the fact that the
efficiency of CO, as the third body for collisions is an order of
magnitude higher than that of N,.

Data on the effect of haloalkanes on the ignition delay of
methane also deserve attention. Their addition narrows down
the concentration range of ignition of methane—air mixtures
more appreciably than the addition of inert gases.’® However, in
the case of shock wave initiation in the 1100—-1800 K



V.S.Arutyunov, A.V.Arutyunov, A.A.Belyaev, K.Ya.Troshin
Russ. Chem. Rev., 2023, 92 (7) RCR5084

7 of 25

log(t, ) a b

= CH,

1.50 F4 95 vol.% CH, +
5 vol.% C,Hs
1.25E4 90 vol.% CH, +
1.0 £ 10vol.% C,Hg

orsE M wd *
0.50 ’ ’
0.25
0
-0.25
— 1 1 1.3 1 1 1 O
10.0 105 11.0 115 120 20 40 60 80 100
104T, K™ [n-CsHqyl, vol.%

Figure 8. Comparison of the experimental and calculated data on
the ignition delay: temperature dependence of the ignition delay time
in air for stoichiometric mixtures: methane, mixture of methane with
5 and 10 vol.% ethane, and ethane (a);'¢ ignition delay time of a bina-
ry methane —pentane mixture vs. n-pentane concentration (b).3° Initial
temperature 7= 990 K; initial pressure P = 1 atm. The symbols show
the experimental data, and the lines correspond to the calculated re-
sults based on the NUI Galway mechanism. The error of experimental
determination of the delay time T does not exceed 30%.

temperature range, the ignition of a stoichiometric
methane—oxygen mixture containing 1-3 vol.% haloalkanes is
not suppressed, but, conversely, does take place with a reduced
induction period; the authors attributed this result to the
considerable difference between the concentrations of active
centers and the gas heating regimes.

It is noteworthy that the above experimental data about the
effect of methane homologues on the methane ignition delay can
be described, not only qualitatively, but also quantitatively, in
terms of the modern kinetic mechanisms of oxidation of light
alkanes at moderate temperatures, e.g., the mechanism proposed
in the NUI Galway publication.'® Figure 8 a shows a comparison
of the experimental and theoretical temperature dependences of
the ignition delay of stoichiometric methane and ethane mixtures
with air and their binary mixtures, while Fig. 8 presents the
ignition delay of the methane—n-pentane binary mixture as a
function of n-pentane concentration. Considering the real
experimental error, estimated to be approximately 30%,'¢ the
agreement between the calculated and experimental results
appears quite satisfactory.

The calculations carried out by Arutynov et al.3° on the basis
of the reported !° kinetic model confirmed the experimentally
elucidated trends, particularly the conclusion that the ignition
delay time of stoichiometric methane—n-propane—air mixtures
at a pressure of 1 atm and 800 < 7' (K) < 1000 may exceed the
ignition delay time of a methane—ethane—air mixture, all other
conditions being equal. Figure 9 shows the -calculated
temperature dependence of the ignition delay time of
stoichiometric methane—ethane—air and methane—
n-propane—air mixtures at 800 < 7'(K) < 1000 and atmospheric
pressure; they indicate that the ignition delay time of the
methane—ethane mixtures is higher at 7= 800 K, which is in
line with experimental results (see Fig. 1). This means that due
to the difference between the effective activation energy of
ignition delay, the relative effect of each of the C,—C5 alkanes
on methane ignition may differ for different temperature ranges.
Thus, the relative influence of alkanes on the knock resistance of
methane and, hence, the knock resistances of natural gas and
associated petroleum gas may depend on the particular type and
operation mode of the engine.

Modelling also confirmed the assumption based on
experimental results about the existence of a weak synergistic

Figure 9. Calculated de-
pendence of the ignition de-
lay time on the initial tem-
perature of stoichiometric
methane — ethane — air
(dashed line) and metha-
ne—n-propane—air  (solid
line) mixtures at P =1 and
at 5 vol.% (/) and 10 vol.%
05} . . . . ) concentration of the
100 10.5 1.0 1.5 12.0 12,5 alkane added to methane.
104T. K- The Figure was created by
' the authors using published
data.’®

log(z, s)
15[

1.0

0.5}

0

effect on the ignition delay time of methane mixed with two
heavier alkanes. The minimum delay is attained when the
concentrations of any two C,—Cj alkanes added to methane are
approximately equal.®

The results of modelling indicate that the currently attained
level of theoretical description of the oxidation of light alkanes
is quite adequate. This enables theoretical analysis of the
behaviour of systems based on the oxidation of light alkanes
under conditions for which no experimental data are now
available or are very difficult to obtain. The agreement between
the modelling and experimental results also makes it possible to
substantiate the use of analytical dependences for fast assessment
of the ignition delay for complex hydrocarbon mixtures. These
dependences are considered in more detail in Section 7.

4. Ignition of methane mixtures
with carbon monoxide

In addition to hydrocarbons and hydrogen, carbon monoxide is
one of the major components of various industrial gas chemistry
processes, related to the production of large-scale products such
as ammonia, methanol, synthetic liquid hydrocarbons,
carbonylation products, and some other. Therefore, study of the
conditions of autoignition of carbon monoxide mixtures with
hydrocarbons, first of all, methane is necessary to ensure safety
of these processes. It is also important for fire safety of coal
mines. The inevitable penetration of CO during fires into
combustible mixtures that have not yet ignited may affect the
ignition conditions and flame propagation. Experimental data
about the ignition delay time of methane and carbon monoxide
mixtures is also necessary to further develop the kinetic
mechanisms of hydrocarbon oxidation, in which a noticeable
role is played by reactions involving CO.

Characteristic features of carbon monoxide ignition have
attracted attention back at the infancy of kinetics where CO has
become a model object.*? A carbon monoxide—air mixture free
from any gases containing hydrogen atoms does not ignite under
standard conditions, due to the absence of chain carriers and,
hence, the absence of branched-chain reactions needed for flame
propagation. However, the presence of even a minor amount of
hydrogen, e.g., as water vapour, provides conditions for the
formation of chain carriers, with hydrogen and water vapour
having approximately the same effect on the CO oxidation
kinetics.

Carbon monoxide is one of the main combustion intermediates
of virtually all hydrocarbons, which is already formed in the
very early stages of the induction period, along with radicals
such as H', OH’, O, HO5 CHj;, etc. Carbon monoxide is
involved in many important elementary reactions in the
hydrocarbon oxidation mechanism. Its presence can substantially
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affect the ignition of hydrocarbons, especially in the low-
temperature region where a pronounced contribution is made by
the specific oxidation mechanism involving the formation of
relatively stable peroxide compounds. The addition of CO to
hydrocarbon fuel may also influence particular elementary
reactions by changing the ratio between the forward and reverse
reaction rates.

There are diverse experimental data on the ignition of both
pure CO*:42 and CO—H, mixtures (syngas),*>~* which are
considered in more detail in Section 6. However, the information
on the influence of carbon monoxide addition on the ignition
delay of methane and other light alkanes is scarce. Our results on
the effect of the composition of CH, and CO mixtures on their
ignition at ambient or elevated pressure at relatively low
temperatures (7 < 1000 K)* are presented below.

As expected,* ignition of stoichiometric mixtures of carbon
monoxide and air does not take place in the indicated temperature
range in the bypass installation described earlier.!> !¢ The
ignition of stoichiometric methane—carbon monoxide mixtures
in air containing 10 to 95 vol.% CO (as a mixture with methane)
showed good agreement of the temperature dependence of the
ignition delay time with the Arrhenius equation. However, the
effect of carbon monoxide concentration on the methane ignition
proved to be non-trivial. When present in a concentration of up
to 60 vol.%, carbon monoxide had a weak promoting effect on
the ignition of methane by slightly decreasing the ignition delay
time. However, further increase in the CO concentration in the
fuel leads to a sharper decrease in the ignition delay time
(Fig. 10).

In this case, the effective activation energy of ignition delay
(E,) for the mixture increases almost fivefold (Fig. 11), which
unambiguously attests to profound changes in the process
mechanism. This increase in the effective activation energy is
accompanied by an equally pronounced decrease in the pre-
exponential factor 4 in the Arrhenius equation (see Fig. 11).

This effect of CO concentration on the effective activation
energy of ignition delay for CO mixtures with methane is very
similar to the effect of hydrogen concentration on the effective
activation energy for methane—hydrogen mixtures (Section 5).
In a certain range of conditions, an increase in the hydrogen
concentration also induces an approximately fivefold increase in
the activation energy accompanied by a counterbalancing
decrease in the pre-exponential factor. In both cases, this is
related to pronounced changes in the oxidation mechanisms of
both components,*’~#° which are discussed below.

The results of kinetic modelling of self-ignition of carbon
monoxide mixtures with methane of various compositions in air
in terms of the proposed mechanism!'® in comparison with the
experimental results obtained by Troshin et al.*¢ are presented in
Fig. 10. With the effects of temperature and CO concentration

log(z, s) Figure 10. Experi-
mental and calculated

1.0 dependence of the ig-
05 nition delay time of
CH,4—CO—air mixtures

or for CO concentration
05} in the fuel (mol.%):
10k 10 (1), 40 (2), 80 (3),
' 95 (4). The symbols
-1.5[ correspond to experi-
20F mental data and the

lines show the calcu-
lation results. ¢ =1,
P =1 atm.*
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Figure 11. Experimental values of the effective activation energy F,
(1) and pre-exponential factor 4 (2) vs. the concentration of carbon
monoxide in its mixtures with methane during oxidation by air. ¢ = 1,
P=1atm.?

on the methane ignition delay being qualitatively the same, it is
noteworthy that, unlike experimental results, modelling follows
the Arrhenius dependence less stricly, with an obvious trend
towards a decrease in the activation energy with increasing
temperature, which is especially pronounced in the case of high
contents of carbon monoxide in the mixture. Generally, a quite
satisfactory qualitative and even quantitative agreement between
the modelling and experimental results can be noted.

The ignition delay times of stoichiometric CH;—CO—air
mixtures were calculated for the initial temperature range of
800—1000 K, initial pressures of 1, 5, 10, and 15 atm, and
CO concentrations in the fuel of 20, 30, 80, and 95 vol.%.%6
Figure 12 shows the pressure dependence of the ignition delay
time and the effective activation energy of ignition delay for
three compositions of the mixture.

The results of modelling indicate that the effects of pressure
on the ignition, and even on its nature, differ considerably
depending on the carbon monoxide content in the mixture.
When the carbon monoxide content is low, a pressure increase
induces a marked decrease in the ignition delay time (see
Fig. 12a), but also a noticeable increase in the effective
activation energy (see Fig. 12b). However, at higher pressure,
the effect of CO becomes less pronounced. Probably, this
accounts for the fact that a minor influence of 20 vol.% CO on
methane ignition was noted in experiments carried out at
pressures from 20 to 80 atm by the rapid compression method.>
When [CO] = 80%, the effect of pressure on the ignition delay

7,8 a E,, kcal mol™! b
04r L
60 <3
03} 1 o0F K
) a0
0.2 30}
o ol L—
’ 3 10 F
0 PR [T TR T T ST ST O 1 1 1
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Figure 12. Calculated dependences of the ignition delay time for
CH,;—CO-air mixtures (a) and effective activation energy of ignition
delay for these mixtures on the initial pressure P, (b) for CO content
in the fuel of 20 (1), 80 (2), and 95 vol.% (3). ¢ = 1, T=950 K.*¢
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time becomes less pronounced (see Fig. 12a). The activation
energy of the ignition delay in the considered temperature range
at this carbon monoxide concentration is nearly constant (see
Fig. 12b).

For a mixture with suppressing concentration
[CO] =95 vol.%, or higher, the ignition delay time is maximized
at a pressure of ~5 atm, and then smoothly decreases as pressure
is further increased (see Fig. 12a). Meanwhile, the activation
energy decreases rather significantly with pressure rise at this
CO concentration (see Fig. 12).

Special attention should be paid not only to the sharply
different patterns of pressure dependence of the ignition delay
time for CH,—CO—air mixtures with different carbon monoxide
contents (Fig. 12 a), but also to equally sharp difference between
the pressure dependences of the effective activation energy of
ignition delay. When the carbon monoxide content is relatively
low, E, increases with pressure rise; when [CO] = 80 vol.%, it is
barely pressure-dependent; and when the carbon monoxide
concentration is very high ([CO] =95 vol.%), it noticeably
decreases with pressure rise (see Fig. 120). As aresult, when the
temperature is above 900 K, the ignition delay for a mixture
with[CO] = 20 vol.% becomes lower with increasng temperature
than those for mixtures with higher CO contents. In other words,
promotion of methane ignition by carbon monoxide at low
temperature is replaced by inhibition of methane ignition by CO
above 900 K. However, despite this highly different effects of
pressure on the ignition delay time of CH,—CO —air mixtures of
different composition, the pressure effect on the maximum
concentrations of the OH" radicals, which are major radicals that
maintain the ignition process in this system, and other reactive
radicals, such as H', O™, and HO5, is virtually the same: their
maximum concentrations attained at the moment of ignition
monotonically decrease with pressure rise.

Figure 13 shows the calculated variation of the concentration
of the determining components (CO and OH") during ignition of
stoichiometric CH,;—CO—air mixtures at 7=950 K and CO
content in the fuel of 5, 30, and 80 vol.% for three initial
pressures P =5, 10, and 15 atm. The kinetics of other reactive
radicals (H", O™, and HO;) are similar to that of OH".

It follows from the above results of modelling that the
generation and subsequent decrease in the concentration of
reactive radicals such as OH’, H', and O™, which determine the
propagation of the process, occurs almost instantaneously at
the point of ignition, whereas a significant change in the carbon
monoxide concentration is extended over time and begins
directly in the induction period. However, immediately after
the end of the flash and a sharp decrease in the concentration of

reactive radicals, the carbon monoxide concentration virtually
ceases to change. This indicates that during the induction
period, the formation of carbon monoxide also involves
radicals and is, most likely, associated with radical decay and
chain termination. The conversion of carbon monoxide takes
place mainly via reaction with radicals and, hence, it stops as
the concentration of the radicals decreases. As shown by
experimental studies of the partial oxidation of methane,
ethane, and other hydrocarbons, the major contribution to the
CO oxidation and the experimentally observed yield of CO,
over long time periods is made by heterogeneous processes on
the reactor surface, which leads to pronounced underestimation
of the CO, yields in calculations taking account of only gas
phase mechanisms.’!

When the carbon monoxide content in the mixture is low and
methane is the major component of the fuel, the concentration of
CO during the induction period increases, like in the ignition of
methane alone, and after completion of the process, it reaches a
stationary level, which depends little on the starting CO
concentration. In the case of high content of carbon monoxide
where it can be regarded as the major component of the fuel, the
CO concentration somewhat decreases during the induction
period, sharply increases to a maximum at the moment of
ignition, and then decreases equally sharply to a constant value
after completion of the process. A fact deserving attention is that
upon variation of the CO concentration over a wide range, the
maximum and final concentrations of the main reactive radicals,
OH’, H’', O”, and HO5, which carry the reaction, change only
slightly, which probably attests to the predominant role of the
methane oxidation mechanism in the ignition of CH,—CO
mixtures.*0

A pressure rise results in a decrease in the induction period
(decrease in the ignition delay time) (see Fig. 13), but all of the
indicated trends are preserved. However, as pressure increases,
the difference between the ignition delay times of mixtures with
low and high carbon monoxide contents decreases. When
P =15 atm (Fig. 13 ¢), the ignition delay time of a mixture with
[CO] = 80 vol.% becomes greater compared to that for mixtures
with low CO contents; in other words, carbon monoxide inhibits
the ignition of methane.

Analysis of the oxidation kinetics of CH,—CO mixtures in
the indicated temperature and pressure ranges and component
ratios %0 attests that the branched-chain methane oxidation is the
key reaction mechanism for CH4+CO mixtures in which
methane predominates. Analysis of the sensitivity of particular
steps to the conversion of the main reactants demonstrated that,
like in almost any other methane conversion reaction, the
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Figure 13. Kinetics of variation of the concentrations (Xj, mole fraction) of carbon monoxide (solid line) and OH" radicals (dashed line) during
ignition of stoichiometric CH;—CO—air mixtures at 7= 950 K and CO contents in the fuel of 5, 30, and 80 vol.%. P =5 atm (@), P =10 atm

(b), P=15 atm (c).*6
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consumption of methane mainly takes place via the reaction
with hydroxyl radicals

CH,+OH" — CH;+H,0 (@)

The main channel of carbon monoxide consumption in all
cases is also the reaction with hydroxyl radicals (Fig. 14)

CO+OH — CO,+H’ (5)

However, when the carbon monoxide content is low, the
major contribution to the carbon monoxide balance is made by
its formation via the reaction (Fig. 14a—d).

HCO'+0, — CO+HO; (6)

When CO concentration is high, the same reaction is the
major oxygen consumption pathway.
It is also noteworthy that the reaction

CO+HO; — CO,+OH' 7)

plays an important role in the carbon monoxide consumption at
low temperature and especially at high pressure. However, at
higher temperature, the contribution of this reaction sharply
decreases, although it is still noticeable as long as the pressure is
high. When the CO concentration in the mixture is 95%, the
process acceleration with increasing pressure at low temperature

and the retardation at higher temperature, as pressure increases
from 1 to 5 atm (Fig. 13 ¢), may be due, first of all, to competition
of reactions (7) and (8)

0,+H (+M) — HO; (+M) ®)

When the initial temperature is moderate and the initial
pressure is high, a considerable contribution to the process is
made by the reaction

HO;+HO; — H,0,+0, )

A significant role in the ignition belongs to the formation of
formaldehyde, which can take place not only by the reaction

CH;+0" — CH,O"+H" (10)

but, to a much higher extent, also by the highly exothermic
reaction

CH;+0, — CH,0+OH" (11)

which makes a considerable contribution to the heat evolution in
this process.
The reactions involving formaldehyde

CH,0+CH; — HCO'+CH, (12)
CH,0+H — HCO'+H, (13)

[CO]=30 vol.%, P=1 atm,
T=850K
HCO'+0,<=CO+HO5
CO+OH <= CO,+H’
CO+HO; <> CO,+0OH’
HCO'+M<=H+CO+M
CH,CHO’+0,<=CH,0+CO+OH’
CH,0+H «<H+CO+H,

a 7.69E-8
[CO]=30 vol.%, P=15 atm,
T=850K
HCO’+0, <> CO+HO;
CO+OH <= CO,+H’
CO+HO; <= CO,+0OH"
CO+OH'«<=HOCO’
HCO'+M<=H'+CO+M
CH,0+OH" <= H'+CO+H,0

c -5.13E-5
[CO]=95 vol.%, P=1 atm,
T=850K
CO+0" (+M) <= CO, (+M) l
CO+OH'<=HOCO’
HCO'+M<=H+CO+M

e —6.86E-7
CO+HO; <= CO,+0OH"
HCO’+0, <> CO+HO;
CO+OH'<=HOCO’
HCO'+M<>H +CO+M

CO+OH' <> CO, +H'
[CO]=95 vol.%, P=15 atm,
CO+0" (+M) <> CO, (+M)

HCO'+0, <> CO+HO;
T=850K
g ~6.18E-4

-

3.98E-7

3.39E-4
1.9E-7

CO+HO;<>CO,+OH’
CO+OH <> CO,+H’

1.56E-4

Absolute rate of CO production

[CO]=30 vol.%, P=1 atm,
T=950K
HCO'+0,<>CO+HO;
CO+OH' <> CO,+H’
HCO'+M<=H+CO+M
CO+HO; <> CO,+0H"
C,H;+0, <> CH,0+H +CO
CH,CHO' <= CH;+CO

b —1.49E-7
[CO]=30 vol.%, P=15 atm,
T=950K
HCO'+0, <> CO+HO;
CO+OH" <> CO,+H’
HCO'+M<=H+CO+M
CO+HO; <> CO,+0OH’
CH,0+OH’ <> H"+CO+H,0

Absolute rate of CO production

=

8.1E-7

£

7.27E-4

CO+OH <> HOCO'
d “1.31E-4
CO+0™ (+M) <> CO, (+M)
CO+OH <> HOCO'
CO+HO} <> CO,+OH"
2.09E-5
CO+OH <> CO, +H’
CO+HO; <> CO,+OH’
HCO'+0, <> CO +HO;

[CO]=95 vol.%, P=1 atm,
HCO'+M<=H+CO+M
CO+OH'<=HOCO’

T=950K
f ~7.63E-5
HCO'+M<=H+CO+M

CO+OH' <> CO,+H’
[CO]=95 vol.%, P,=15 atm,
CO+0" (+M) <> CO, (+M)

HCO'+0,<>CO+HO;
T=950K
h ~5.46E-4

1.46E-4

Figure 14. Contributions of elementary steps to the CO balance under various conditions (for each set of conditions, six most important
elementary steps are given and the rates of the most significant reactions are indicated for comparison).*® M is the third body, that is, any mol-

ecule present in the gas phase and giving-off excess energy.
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afford HCO- radicals, which provide for CO regeneration via
reaction (6). Reaction (6) is important for several reasons. First,
even at a relatively low rate, it makes a noticeable contribution
to heat evolution. Second, it is this reaction that mainly provides
for the increase in the CO concentration during the ignition
delay period when the initial CO concentration in the mixture is
not very high (see Fig. 13).

Methane is consumed, in addition to reaction (4), also in the
following reaction

CH,+H — CH;+H, (14)

However, reaction (4), which has a lower activation energy,
is still the main methane consumtion pathway. Although
reaction (4) is merely a chain propagation reaction, it is
accompanied by considerable heat evolution, whereas reaction
(14) is slightly endothermic.

Apart from the chain termination reaction

CH;3;+CH3 (+ M) — C,Hg (+ M) (15)
the following reaction is important:

CH;+0, < CH;0; (16)

At low temperatures, the forward reaction giving

methylperoxy radicals CH;0; predominates; this results in the
formation of oxygenates or in the chain termination. However,
at higher temperature, the equilibrium shifts to the left, the
concentration of methylperoxy radicals sharply decreases, and
their participation in the process becomes insignificant.*’

As the CO proportion in the mixture increases, the
contribution of the reactions associated with methane oxidation
declines. Simultaneously, the role of carbon monoxide oxidation
reactions (5) and (7) increases. Reaction (5) not only provides
fast chain propagation, but also makes a significant contribution
to the heat evolution in this process. At low temperature, as the
CO concentration in the mixture increases, the reaction of
formation of hydroperoxyl radicals

0,+H" (+M) — HO; (+M) (17)

which then participate in reaction (7), becomes more important,
especially at elevated pressure. This reaction plays a dual role. On
the one hand, it is a major source of heat evolution in this process
and, on the other hand, it is one of the main chain termination
pathways. Particularly, the competition of reactions (7) and (17)
may be responsible for the process acceleration with increasing
pressure at low temperature and the process retardation at higher
temperature as the pressure increases from 1 to 5 atm, which was
observed experimentally at high CO concentrations in the mixture.

Reaction (17) with a zero activation energy at low temperature
actively inhibits the ignition.>! At higher temperature, the role of
reaction (7) increases. In addition to a noticeable contribution to
the heat of the process, this reaction actually counterbalances the
chain termination by reaction (17).

Regarding the pressure region above 5 atm, a pressure increase
is accompanied by increasing role of the initiation reaction

CH, (+ M) — CH;+H'(+ M) (18)
which provides for an additional, although minor, generation of

H’ radicals, and thus accelerates the process of ignition.

5. Ignition of methane mixtures
with hydrogen

In view of the observed climate processes,’ there is wide
discussion concerning the need for gradual transition to low-

carbon energy sources and energy carriers.”> The most active
discussion concerns the possibility of using hydrogen as carbon-
free energy carrier. However, simple estimates show that this is
unrealistic from an energy, resource, and economic points of
view as long as there is no commercial nuclear fusion power
generation.”>>3 Therefore, along with more extensive use of
natural gas in energy generation and gradual replacement of coal
and oil products by natural gas, the most realistic way to reduce
the carbon footprint of energy generation is addition of hydrogen
to natural gas (methane) and other types of fuel.

The use of methane—hydrogen mixtures with various
hydrogen contents makes it possible to circumvent many
intricate problems of production, storage, transportation, and
distribution of hydrogen.>*~37 These mixtures can be used,
alongside with hydrogen, to feed conventional ICEs,’8-% in
which the energy efficiency of using hydrogen is not much
inferior to the efficiency of fuel cell applications of hydrogen.>
Moreover, currently ICEs are still cheaper and more reliable
energy sources than fuel cells, and the use of hydrogen and
hydrogen-containing mixtures in ICEs is technically more well-
developed. Engine tests have shown that the use of hydrogen-
enriched natural gas expands the range of lean mixtures
applicable for practical use, with simultaneous decrease in the
emissions of unburned hydrocarbons and carbon dioxide.®
Owing to the progress in the development of ICEs, it is expected
that by 2045 their fuel efficiency would almost reach that of fuel
cells.® Therefore, the use of hydrogen and methane—hydrogen
mixtures in ICEs could form a natural transition between modern
ICEs powered by liquid or gas fuel and future fuel cell-based
vehicles.®7

The potential application of methane—hydrogen mixtures to
reduce the carbon content of fuels and to expand the fuel
combustion range, which would improve the economic and
environmental performance of ICEs and gas turbines, require
detailed analysis of the optimal conditions for their use in the
existing power equipment. First of all, this concerns the
detonation characteristics of methane—hydrogen mixtures and
conditions of their ignition in ICEs. It is necessary to predict and
control these conditions and characteristics for combustion of
gas mixtures, optimize the composition of the mixtures and
operating conditions of the existing power equipment using
these mixtures, and to ensure their storage and transportation
safety.

The main features of hydrogen and methane combustion
were established long ago;®8 however, there are still quite a few
blanks and a large field of research that needs to be performed to
providethe possibility of wide practical use of methane —hydrogen
mixtures. The ignition delay time and the laminar flame velocity
are among the most important parameters determining the
optimal conditions and safety of using these mixtures. Although
numerous publications address determination of these
parameters for hydrogen or methane, there are still few studies
of this type for their mixtures. Furthermore, almost all studies of
the ignition delay of methane, hydrogen, or their mixtures were
carried out using the shock-tubes or rapid compression
machines,1:23-9-76 j ¢ temperatures not below 900—1000 K.
However, the practical use of these mixtures occurs, most often,
at lower temperature. In particular, as has already been noted in
Section 2, the air—fuel mixture in ICEs ignites at 500—900 K.!°
Therefore, for optimization of the composition of methane—
hydrogen fuel mixtures and their operation conditions in the
engine, it is necessary to gain information on their ignition delay
at temperatures below 1000 K. Investigation of the ignition of
methane—hydrogen mixtures in this temperature range is
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complicated by the fact that exactly in this region, considerable
changes in the oxidation mechanisms of both methane and
hydrogen take place.*® At different (although quite similar)
temperatures in this range, low-temperature oxidation
mechanisms of these gases, in which peroxide compounds and
radicals play an important role, is replaced by high-temperature
oxidation mechanisms dominated by reactions involving H® and
O™ atoms and relatively simple OH" and CHj radicals. These
changes in the oxidation mechanisms considerably influence the
hydrogen and methane ignition, which starts under ambient
conditions according to the low-temperature mechanism and
then switches to the high-temperature oxidation mode. In the
case of methane oxidation, this gives rise to a variety of non-
linear effects in this temperature range such as appearance of
NTC, cool flames, inhibition of methane oxidation by oxygen,
and some other.?’ During the oxidation of methane—hydrogen
mixtures, the mentioned changes in the oxidation mechanism of
the two gases overlap with each other, which results in a complex
pattern of observed phenomena, depending on the methane and
hydrogen ratio in the mixture, pressure, initial temperature, and
some other conditions.*’

The intricate character of the effect of hydrogen on the
ignition of methane was noted long ago. Gersen ef al.”’ measured
the ignition delay for methane—hydrogen mixtures in a rapid
compression machine under stoichiometric conditions for a
pressure from 1.5 to 7.0 MPa, a temperature from 950 to 1060 K,
and a hydrogen concentration from 0 to 100%. The results
indicated that at a hydrogen concentration of <20 vol.%, its
promoting effect is insignificant, but the ignition delay time
considerably decreases when the concentration of hydrogen
exceeds 50 vol.%. The promoting effect of hydrogen on the
ignition of methane is enhanced with increasing temperature,
but decreases with increasing pressure.

It was found”® that at 7> 1000 K, the measured ignition
delay time of methane—hydrogen mixtures is in good agreement
with the theoretical predictions, whereas at 7< 1000 K the
experimental value is much smaller than the calculation result;
for T~ 800 K, the difference can be as high as three orders of
magnitude.

The reflected shock wave experiments at temperature from
1000 to 2000 K and pressure from 5 to 20 atm and the kinetic
modelling based on the NUI Galway mechanism '° demonstrated
thatthe pressure dependence ofthe ignition of methane—hydrogen
mixtures with hydrogen concentration below 40 vol.% resembles
the pressure dependence of the ignition delay of methane,
particularly, the ignition delay decreases with increasing
pressure.”* When the hydrogen concentration is 60 vol.%, the
promoting effect of pressure on the ignition of methane—
hydrogen mixtures is negligibly low. For the concentration of
hydrogen above or equal to 80 vol.%, the behaviour of these
mixtures rather resembles the behaviour of hydrogen: the
ignition delay time demonstrates a complex pressure dependence
and the effective activation energy of ignition delay follows a
complex temperature dependence.

Zhang et al.”® distinguished three ignition regimes according
to the content of hydrogen in the mixture: when [H,] < 40 vol.%,
the mechanism of methane oxidation predominates, when
[H,] =60 vol.%, combined features inherent in both methane
and hydrogen oxidation mechanisms appear, while for
[H,] > 80 vol.%, hydrogen oxidation mechanism prevails. In
addition, a substantial difference was revealed between the
temperature dependences of the ignition delays of methane and
hydrogen at high and low temperatures. Whereas at temperatures
of >1250 K, conventional Arrhenius relation holds in both
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Figure 15. Temperature dependence of the ignition delay for me-
thane (a) and hydrogen (b). The symbols show the experimental data,
and the lines correspond to the kinetic calculations. The Figure was
created using published data.”

cases, at lower temperature, this dependence is more intricate
for both methane and hydrogen, and the activation energy of
ignition delay considerably varies (Fig. 15).

In view of the importance of the data about ignition conditions
and combustion characteristics of methane—hydrogen mixtures
in the 800-1000 K range, Arutyunov et al*® determined
experimentally the ignition delay times of methane—hydrogen
mixtures with hydrogen contents ranging from 0 to 50 vol.% in
particularly this temperature range, using the bypass installation
described in detail earlier,'> 1 and performed kinetic analysis of
the experimental results. The authors noted that in the high-
temperature part of the studied range, the ignition delay
decreases significantly with increasing hydrogen content in the
mixture, that is, hydrogen promotes the ignition of methane.
However, at lower temperature (7~ 850 K), the promoting
effect is weak if at all present. An increase in pressure reduces
the range of variation of the effective activation energy of
ignition delay following the variation of the hydrogen
concentration.

As the hydrogen concentration increases, the effective
activation energy for methane—hydrogen mixtures increases,
but this is accompanied by a decrease in the pre-exponential
factor A. A threefold increase in the effective activation energy,
from 23.4 to 73.7 kcal mol!, takes place upon the increase in
the concentration of hydrogen from 0 to 50 vol.% at 7'= 900 K
and P = 1 atm (Fig. 16). This pronounced change in E, attests to
a marked change in the ignition mechanism in this temperature
range. In this respect, the effect of hydrogen on the ignition of
methane substantially differs from the effect of C,—Cg alkanes
(see Section 3), for which the effective activation energy
for autoignition delay was nearly invariable, being
40 £ 10 kcal mol™! (Refs 15, 16, and 28), irrespective of the
concentration of the added alkane.

A consequence of the increase in the activation energy of
ignition delay for methane—hydrogen mixtures with increasing
concentration of hydrogen is increase in their sensitivity to a
temperature change and, hence, decrease in the knock resistance,
since not only the ignition delay time, but also the sensitivity of
the fuel to characteristics such as temperature, concentration,
and pressure are important. The results shown in Fig. 16 indicate
that when hydrogen concentrations are below 30 vol.%, pressure
has an insignificant effect on the activation energy of autoignition
delay. At a higher concentration of hydrogen, the effect of H,
concentration on E, of methane—hydrogen mixtures is less
pronounced at higher pressures.

Experimental results, even those obtained in a limited range
of hydrogen concentrations [H,] < 50 vol.%, attest to a complex
pattern of influence of hydrogen concentration on the ignition of
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Figure 16. Effective activation energy E, (a) and pre-exponential
factor 4 () in the Arrhenius equation for the ignition delay of meth-
ane—hydrogen mixtures vs. the concentration of hydrogen at P =1
and 3 atm.*

methane—hydrogen mixtures at temperatures below 1000 K. In
order to elucidate the mechanism of this influence, kinetic
calculation of the ignition delay times of stoichiometric
CH4—H,—air mixtures with different hydrogen contents was
carried out.* The kinetic modelling was based on the NUI
Galway mechanism!® as the most adequate one for the
description of these processes.?® The resulting temperature
dependence of the ignition delay of methane—hydrogen mixtures
with various hydrogen contents at 800—1000 K is depicted in
Fig. 17.

The obtained dependence is indicative of a complex pattern
of influence of hydrogen on the ignition delay for methane.
When the concentration of hydrogen in the mixture is up to
40 vol.%, the temperature dependence of the ignition delay has
virtually an Arrhenius form (see Fig. 17, curves /—5). However,
at higher H, concentrations, the dependence no longer obeys the
Arrhenius law (see Fig. 17, curves 6—11) and has a clear-cut
maximum of the effective activation energy of ignition delay at
a temperature of ~900 K (Fig. 18, curves 3—5). Whereas the
effective activation energy of pure methane (see Fig. 18,
curve 1) is virtually invariable, amounting to ~30 kcal mol!,
over the whole considered temperature range, E, of hydrogen
and H,-rich mixtures increases at 7'= 900 K approximately
3—4-fold compared to the E, values at lower or higher
temperatures (see Fig. 18, curves 4, 5).

log(z, s)

4 . . . .
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Figure 17. Calculated dependence of the ignition delay of stoichio-
metric CHy;—H,—air mixtures on the initial temperature at H, con-
centrations, vol.%: 0 (1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60 (7),
70 (8), 80 (9), 90 (10), 100 (11). P=1 atm.*
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Figure 18. Calculated dependence of the effective activation energy
of ignition delay £, for stoichiometric CH,—H,—air mixtures on the
initial temperature 7}, at H, concentration, vol.%: 0 (7), 40 (2), 70 (3),
90 (4), 100 (5). P=1 atm.*®

Note also that in the low-temperature region (7 < 850 K), the
effective activation energy of ignition delay is higher for
hydrogen or hydrogen-containing mixtures than for methane
(see Fig. 18). The causes for this are discussed below. The
effective activation energy of ignition delay for mixtures
containing up to 40 vol.% hydrogen monotonically decreases
with temperature rise and at 7> 1100 K, it becomes lower than
that for methane (see Fig. 18, curve?2). In the case of
methane—hydrogen mixtures rich in hydrogen or for pure
hydrogen, the effective activation energy of ignition delay
passes through a maximum at 7~ 900 K, but at 7> 1100 K it
also becomes lower than that for methane. The higher the
hydrogen content in the mixture, the lower E, (see Fig. 18).

In this connection, the effect of hydrogen on the normal
velocity of laminar flame deserves attention. This is an important
parameter of combustion of methane—hydrogen mixtures,
which has been addressed in many studies (e.g., Refs 78 —88). It
was shown that the addition of hydrogen to methane—air
mixtures increases the normal velocity of laminar flame and
extends the flame propagation limits, but rather large amount of
hydrogen is required to attain a noticeable effect. The kinetic
calculations carried out using the proposed mechanism ' fully
confirmed the experimental results and provided the conclusion
that hydrogen present in a methane—hydrogen mixture in a
concentration below 40 vol.% has a slight influence on the
velocity of combustion of this mixture.®® The minor influence of
such concentrations of hydrogen on the combustion velocity of
methane—hydrogen mixtures is similar to the above-mentioned
slight influence of such hydrogen concentrations on the ignition
delay time of methane—air mixtures (see Fig. 17) and on the
concentration limits of their combustion.

The sharp change in the pattern of dependence of the
activation energy of ignition delay for hydrogen and hydrogen-
rich mixtures (>60 vol.%) observed at 7~ 900 K (see Figs 17
and 18) means that a region around this temperature should be
considered as a boundary between low-temperature and high-
temperature regions in which the mechanism of the process
crucially changes. This is also evidenced by the sharply different
pattern of dependence of the activation energy of ignition delay
for stoichiometric methane—hydrogen mixtures in air on the
hydrogen content observed particularly for this temperature
(Fig. 19). The curve for 7= 900 K clearly separates two different
process regimes characterized by different dependences on the
H, concentration. At low temperature (7' < 900 K), the activation
energy of ignition delay monotonically increases with increasing
H, concentration in the mixture, while at high temperature
(T>900 K), the activation energy passes through a feeble
maximum (see Fig. 19). These temperature regions are separated
by a sharply different dependence for 7= 900 K in which the
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Figure 19. Effective activation energy of ignition delay in air for
stoichiometric methane—hydrogen mixtures vs. the hydrogen content
at P=1 atm. (®) experimental results (7= 900 K). Calculated data
for T'(K): 850—900 (A ), 900 (#), and 9501000 (m).*

activation energy of ignition delay for methane—hydrogen
mixtures monotonically increases with increasing concentration
of hydrogen from 30.5kcal mol! for methane to
117.7 kecal mol! for hydrogen, that is, by a factor of almost four.

Figure 19 also shows the experimental results obtained for
T=900 K. Considering various factors that can distort the
data,!> 10 these results are in good agreement with the results of
modelling. As the concentration of hydrogen in the mixture
increases from zero to 50 vol.%, the experimentally determined
activation energy of ignition delay for methane—hydrogen
mixture monotonically increases from 23.4 kcal mol™' to
73.7 keal mol ™.

A very similar change in the activation energy for hydrogen
was observed in shock-tube experiments.”* At P=5 atm and
T>1000 K, the activation energy of ignition delay for hydrogen
was 39.3 kcal mol~!, whereas at lower temperature it was
126.9 kcal mol~!. At higher pressure (10 atm), a change in the
activation energy for hydrogen was even greater, but it had the
opposite sign relative to the temperature: 74.5 kcal mol™! at
relatively low temperature (~ 1025 K), 258 kcal mol ' at 1108 K,
and subsequent decrease to 49.2 kcal mol™' upon further
temperature rise. A similar behaviour was observed at a pressure
of 20 atm.

Note that a considerable increase in the activation energy on
going from the low-temperature region (7'< 1000 K) to higher
temperature region (7> 1100 K) was also found for methane.?®
However, it cannot be ruled out that the exceptionally low
ignition delay values obtained in this study at 7 <1000 K,
contradicting the results of modelling, are due to the inaccuracy
of temperature determination in the shock wave.

Donohoe ef al.,” who studied the ignition of methane—
hydrogen mixtures by the shock-wave method, also observed a
sharp change in the activation energy of ignition delay for
hydrogen and hydrogen-rich mixtures ([H,]= 80 vol.%),
although at somewhat higher temperature (1000—1200 K). For
mixtures with lower hydrogen and methane contents, the
temperature dependence of the ignition delay time in this region
was close to the Arrhenius relation. The kinetic modelling
conducted by the authors adequately described the obtained
results.

The effect of pressure on the ignition of methane—hydrogen
mixtures follows a complex pattern, since pressure has opposite
effects on the ignition of hydrogen and methane. According to
the results of numerous studies obtained mainly in the shock-
tubes at temperatures >1000 K, an increase in the pressure
reduces the ignition delay time of hydrocarbons, including
methane. Conversely, in the temperature range from 1093 to

1170 K, the ignition delay time of hydrogen increases with
increasing pressure.

The results obtained by Zhang et al.’* indicate that at
T=1093 K, the ignition delay time of hydrogen is ten times
greater at a pressure of 20 atm than at 5atm. An intricate
pressure dependence was also found by Herzler and Naumann.®!

The results of kinetic modelling of the ignition delay for
methane—hydrogen mixtures in the considered temperature
range and 1—15 atm pressure range are depicted in Fig. 20.4°

The results show that at a low hydrogen content
([H,] =20 vol.%, the temperature dependence of the ignition
delay for stoichiometric methane—hydrogen mixtures in air
corresponds to the Arrhenius law over the whole considered
temperature range and at any of the considered pressure. An
increase in the pressure promotes ignition at any temperature
(see Fig. 20a). This supports the conclusion that the oxidation of
methane—hydrogen mixtures containing a low amount of
hydrogen proceeds mainly by the methane oxidation mechanism.
However, the situation changes in the case of mixtures with a
high hydrogen content ([H,] =80 vol.%), which are oxidized,
according to the conclusions of Zhang et al.,”* 7> by the hydrogen
oxidation mechanism. The Arrhenius type of dependence is
retained at high pressure (P = 15 atm), but it is distorted when
P =3 atm, and obviously no longer holds when P =1 atm (see
Fig. 20b). Furthermore, whereas in the low-temperature part of
the temperature range, an increase in pressure promotes the
ignition by reducing the ignition delay time, in the high-
temperature part, a pressure rise, conversely, inhibits the
ignition. The fundamental change in the type of pressure effect
on the ignition process takes place at 7~ 900 K. These results
are quite consistent with the data of Zhang et al.,’* indicating
that in the case of hydrogen, the temperature dependence of the
ignition delay time approaches the Arrhenius relation as the
pressure increases.

A very similar type of dependence of the ignition delay time
for hydrogen and for hydrogen-rich methane—hydrogen mixtures
was observed in shock tubes.®! Despite a number of differences
including higher temperature, the presence of ~8 vol.% ethane in
methane, which could affect the dependence of ignition delay on
the conditions, and high (1 :5) dilution of this mixture withargon,
in these experiments, a clear-cut maximum of the temperature
dependence of the ignition delay time of hydrogen and hydrogen-
rich mixtures was also observed. When the pressure was 1 atm,
the temperature at this maximum (~950 K) virtually coincided
with the calculated value (see Fig. 20). As the pressure increased,
the maximum progressively shifted to higher temperature:
~1050 K for P =4 atm and ~ 1250 K for P = 16 atm.
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Figure 20. Temperature dependence of the ignition delay of stoi-
chiometric methane—hydrogen mixtures in air at different initial
pressures and hydrogen contents in the mixture: [H,] = 20 vol.% (a),
[H,] =80 vol.% (b).*
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Figure 21. Calculated dependence of the ignition delay time of stoi-
chiometric CH,—H,—air mixtures on the initial temperature at vari-
ous H, concentrations. P = 15 atm.*’ The concentrations of hydrogen
are in vol.%.

The different patterns of pressure effect on the ignition delay
time of methane—hydrogen mixtures at different temperatures is
clearly seen in Fig. 21, which presents the calculated dependence
of the ignition delay time of stoichiometric CH,—H,—air
mixtures at P =15 atm on the initial temperature for various
concentrations of hydrogen.*® At high temperature, an increase
in the hydrogen concentration promotes the ignition, whereas at
low temperature it obviously inhibits the ignition, although to a
small extent. These data are quite in line with experimental
results, which show that at low temperature (7= 850 K),
hydrogen slightly promotes the ignition of methane, but at
higher temperature the promoting effect of hydrogen increases.

The calculated pressure dependences of the ignition delay
time of methane—hydrogen mixtures with various hydrogen
contents in the pressure range from 1 to 15 atm at 7=900 K
obtained by Arutyunov et al.* are shown in Fig. 22. When the
hydrogen content is low, the ignition delay monotonically
decreases with increasing pressure. However, in the case of pure
hydrogen and hydrogen-rich mixtures at low pressure, a pressure
increase leads to longer ignition delay of methane—hydrogen
mixtures, giving rise to a maximum at P = 3 atm. Only further
pressure increase results in a monotonic decrease in the ignition
delay time.

Similar effects were found for hydrogen.”* When the
temperature was above 1000 K, the increase in the hydrogen
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Figure 22. Ignition delay time of stoichiometric CH,—H,—air mix-
tures vs. initial pressure at 7= 900 K and at various concentrations of
hydrogen.*

pressure from 5 to 20 atm led to noticeable increase in the
ignition delay time and a change in the activation energy. For an
even higher temperature (> 1100 K), apparently, because of the
complete switching to the high-temperature mechanism of
hydrogen oxidation, the ignition delay time and activation
energy were no longer pressure-dependent.

Below we present a kinetic interpretation of the observed
regularities of the ignition of methane —hydrogen mixtures in the
800—1000 K range.* The fact that activation energy of ignition
delay for a stoichiometric methane—air mixture is almost
invariable in the considered temperature range and is
substantially lower that the activation energy for the generation
of active sites,

CH,+0, — CH;+HO; (19)

amounting to ~57 kcal mol~! (Ref. 20), is attributable to the
branched-chain mechanism of the process in this temperature
range. It is noteworthy that the activation energy for the
branched-chain partial oxidation of mixtures very rich in
methane at similar temperatures was determined experimentally
to be 46 kcal mol~! (Ref. 20), while the activation energy found
for methane-rich mixtures by Zhang et al.’* was in the range of
42.8-48.4 kcal mol™!, that is, it was also considerably lower
than the activation energy of reaction (19).

At a temperature of <900 K, the activation energy of ignition
delay increases with increasing hydrogen concentration in the
mixture (see Fig. 19), which can be formally interpreted as an
inhibitory effect of hydrogen on the ignition of methane in this
temperature range. The significant difference in the behaviour
of mixtures with high and low hydrogen contents is apparently
caused by different low-temperature (7 <900 K) mechanisms
of methane and hydrogen oxidation.

When the temperature is below 900 K, the key role in the
methane oxidation is played by methylperoxy CH;0O0" radicals,
which are formed in the reversible reaction

CH;+0, < CH;00° (20)

The subsequent transformations of these radicals afford
methyl hydroperoxide CH3;O0H, which quickly decomposes
under the reaction conditions to give radicals, which results in
degenerate chain branching

CH,;00H — CH;0"+OH' 1)

Consequently, at a temperature below 900 K, the oxidation of
methane proceeds as a fast branched-chain reaction?® with an
effective activation energy markedly lower than the bond rupture
energy in the active centers generation reaction (19). However,
at temperatures above 900 K, the equilibrium in reaction (20)
rapidly shifts to the left, the rate of formation of methylperoxy
radicals and, hence, methyl hydroperoxide sharply decreases,
and the reaction ceases to be branched. This leads to decreasing
reaction rate, and the reaction proceeds in the NTC region.
Further temperature rise induces again a branched-chain
methane oxidation reaction, which now follows a different,
high-temperature mechanism.?? Therefore, temperatures around
900 K form a transient region from the low-temperature to high-
temperature oxidation of methane.

By coincidence, the transient region for the hydrogen
oxidation mechanism is located at similar temperatures, although
the causes are different. At temperatures below 900 K, the
radical initiation reaction in the oxidation of hydrogen, similar
to reaction (19)

H,+0, — H'+HO; (22)
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gives rise to HO; and H' radicals, which are involved in the
reaction similar to reaction (20), also giving rise to the
hydroperoxyl radicals HO5. However, unlike methylperoxy
radicals, HO; radicals are low-reactive at temperatures below
900 K and mainly decay via recombination

HO;+HO; — H,0,+0, (23)

Thus, this leads to chain termination, as the hydrogen
peroxide molecule, unlike methyl hydroperoxide, is relatively
stable at these temperatures. Hydrogen peroxide decomposition
by the reaction

H,0, — OH'+OH’ (24)

similar to reaction (21), does not provide sufficiently fast chain
branching. The rate of high-temperature branching in the
hydrogen oxidation mechanism

H'+0, — OH'+0" 25)

is still too low at this temperature. Therefore, the oxidation of
hydrogen at low temperature proceeds as an unbranched
reaction, and the addition of hydrogen to the system may even
induce inhibition because of the additional consumption of the
methyl radicals via the reactions

CH;+H, — CH,+H’ (26)

H+0,+M — HO;+M 27)
and then in reaction (23) to give hydrogen peroxide, which is
relatively stable under these conditions. Apparently, this
accounts for the threefold increase in the effective activation
energy upon increase in the hydrogen concentration in
methane—hydrogen mixtures.

Kinetic modelling gave the key pathways of reactant
conversion in the chain mechanism of ignition of CH,—H,—air
mixtures at various temperatures and hydrogen concentrations,
which are depicted in Fig. 23.4

When 7<900 K and the H, concentration is low, hydrogen
enhances the withdrawal of reactive radicals formed in the
branched-chain oxidation of methane, which are converted to
hydrogen peroxide (see Fig. 23 ). On the contrary, when the H,
concentration is high, the oxidation of hydrogen is promoted by
the branched-chain methane oxidation (see Fig.235). When
7>900 K and the H, concentration is low, conjugate radical
reactions of methane and hydrogen oxidation take place, where
hydrogen promotes the oxidation of methane (see Fig. 23¢).
When 7>900 K and the H, concentration is high, despite the
common radical pool in the system, they are oxidized rather
independently (see Fig. 23d). This interpretation is indirectly
supported by fast increase in the maximum concentration of
hydrogen peroxide with increasing initial concentration of
hydrogen for the oxidation of methane—hydrogen mixtures in
the low-temperature (~800 K) region (Fig. 24).

As the temperature increases, the reactivity of hydroperoxyl
radicals HO; and the hydrogen peroxide decomposition rate
increase. When 7=900 K, the rate of hydrogen peroxide
decomposition is sufficiently high, and the maximum
concentration of H,O, rapidly decreases with increasing reaction
temperature (see Fig. 24). Therefore, at 7>900 K, the
recombination of the peroxyl radicals HO; no longer inhibits the
reaction, which results in the considerable change in the
mechanism and, correspondingly, regime of the oxidation of
hydrogen and hydrogen-rich mixtures. This fundamental change
of the hydrogen oxidation mechanism is called ‘H,O,
turnover’.%2 In addition, an increase in the initial reaction
temperature leads to fast increase in the contribution of the
branching reaction (25), and the oxidation of hydrogen becomes
a branched-chain reaction. When the hydrogen content in the
mixture is high, this is manifested as a fast decrease in the
effective activation energy of ignition delay. The above-
described changes in the mechanism of hydrogen oxidation give
rise to a maximum in the temperature dependence of the
activation energy of ignition delay for hydrogen and hydrogen-
rich mixtures (see Fig. 18).
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Figure 24. Calculated dependence of the maximum concentration of
hydrogen peroxide (mole fractions) on the initial temperature at vari-
ous H, concentrations (vol.%): 0 (1), 40 (2), 70 (3), 90 (4), 100 (5).%

The unique ability of methane to provide a branched-chain
mechanism of oxidation at relatively low temperatures
fundamentally distinguishes the low-temperature oxidation of
methane not only from the oxidation of hydrogen, but also from
the oxidation of its close homologues, in which the formation of
alkylperoxy radical RO;: by a reaction similar to reaction (16) in
the methane oxidation

R'+0, < RO; (28)

is followed by fast isomerization of the radical and the
subsequent decomposition to give olefin Q™ and relatively inert
HO; radical

RO; —» Q=+HO; (29)

This actually leads to chain termination, which rules out the
branching chain regime of the reaction. Therefore, despite a
higher energy of bond cleavage and, hence, a higher activation
energy of radical initiation, methane has a lower effective
activation energy of ignition delay than hydrogen, ethane,
propane, or even butane.!3-16-28 However, at temperatures above
900 K, the rate of formation of methylperoxy radicals and their
role in the methane oxidation are virtually eliminated, and the
main features of methane and hydrogen oxidation become
similar, which accounts for similar values for the activation
energy of ignition delay for methane, hydrogen, and their
mixtures at 7> 1000 K (see Fig. 18). It is quite natural that due
to the lower energy of H-H bond cleavage compared to the
CH;—H bond energy, the activation energy of ignition delay in
this region is lower for hydrogen and hydrogen-rich mixtures
than for methane.

As the methane and hydrogen ratio in the mixture varies, their
contributions to the oxidation process change. When the initial
concentration of hydrogen is low, as a result of fast branched-
chain process during ignition, the concentration of methane soon
decreases to zero. The concentration of hydrogen, which is an
intermediate oxidation product in this case, increases to reach a
maximum, which is equal to nearly one-third of the initial
methane content. Then, after completion of the branched-chain
process, the concentration of hydrogen rapidly decreases to some
stationary value, which corresponds to the thermodynamically
equilibrium composition of products (Fig. 25).

However, whereas the pattern of variation of methane
concentration is qualitatively the same over the whole ranges of
initial  temperature 800 < 7(K) < 1000 and hydrogen
concentration in the fuel 0 < [H,] (vol.%) < 90, the behaviour
of hydrogen considerably changes following the variation of its
content in the mixture. Kinetic calculation of the variation of

[H,], mole fraction
0.08 } Figure 25. Kinet-
ics of variation of the
hydrogen  concen-
tration (mole frac-
tions) at 7=900 K
and initial hydrogen
concentrations  in
1 the methane—hydro-
gen mixture, [H,]
- (vol.%): 10 (1), 20
. . (2),30(3), 50 (4).%
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hydrogen concentration at 7=900K and various [H,]
indicates*? (see Fig. 25) that for [H,] between 10 and 30 vol.%,
a minor smooth decline before ignition is followed by a sharp
increase in the hydrogen concentration immediately at the
instant of ignition and then by a rapid decrease in the hydrogen
concentration to some stationary value. As the percentage of H,
in the initial mixture increases, the peak concentration of
hydrogen decreases, and the final stationary concentration
somewhat increases.

When [H,] = 10 vol.%, the decline of hydrogen concentration
before ignition is barely noticeable, but as [H,] increases, the
difference between the initial hydrogen concentration and the
level attained by the instant of ignition becomes more
pronounced. When [H,] =40 vol.% (not shown in Fig. 25), the
peak in the curve of variation of the hydrogen concentration
becomes hardly visible, while at [H,] =50 vol.% (see Fig. 25,
curve 4), it cannot be detected at all, and the pattern of variation
of hydrogen concentration becomes similar to that for methane.
When the initial H, concentration is further increased, this
similarity is retained. A change in the temperature does not
induce a qualitative change in the picture, but the peak
concentration of hydrogen increases with increasing initial
temperature.

The presence of a peak of hydrogen concentration is due to
the competition between its formation and consumption
processes. In the absence or in the case of low initial concentration
of H, in the fuel, the formation processes obviously predominate
in the early stage. As the percentage of hydrogen in the initial
mixture increases and the percentage of methane,
correspondingly, decreases, hydrogen oxidation prevails from
the very beginning over the hydrogen formation in secondary
reactions, and the peak in the kinetic curves disappears.

The ignition delay of the H, subsystem is determined by
the competition of reactions (25) and (27). Reaction (27)
predominates at higher pressures, whereas reaction (25)
predominates at higher temperatures due to the high activation
energy. If reaction (27) is markedly faster than reaction (25), the
ignition delay increases, because this reduces the chain branching
rate by reaction (25). Hence, the ignition of pure hydrogen at
T< 1100 K proceeds more slowly at 16 atm than at 4 or 1 atm,
since reaction (27) is approximately 4 and 16 times, respectively,
faster at higher pressure.’! Thus, at low temperatures, the
influence of reaction (27) surpasses the effect of increasing
concentration with pressure rise, while at higher temperature,
the concentration effect with pressure rise prevails.

6. Effect of hydrogen and carbon monoxide
mixture (Syngas) composition on its ignition

Syngas is an intermediate product in processing natural gas into
large-tonnage products such as ammonia, methanol, synthetic
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liquid hydrocarbons, as well as the most commonly available
and the cheapest source of hydrogen.”-*3 Syngas is also an
efficient low-carbon gas fuel, making possible a relatively
«clean» use of the world’s vast coal resources for gas turbine
power generation.”3-9°

Depending on its production technology and an intended use,
the H,/CO ratio in syngas can vary very widely,’® so information
is needed on the ignition behaviour of the H,/CO mixture over
the entire range of each component concentration, from 0 to
100%. Among other reasons explaining the importance of
studying the ignition dependence of H,/CO mixtures on their
composition is the known evidence that these mixtures have
lower ignition limits than each of the components separately.®”
Moreover, in almost all syngas production processes, impurities
such as water, carbon dioxide, methane and nitrogen are present
in the gas and their effect on ignition is still largely unexplored.

The main combustion and ignition characteristics of syngas
are determined by its hydrogen component, which is well
illustrated by the dependence of the lower ignition limit of
syngas on its hydrogen concentration shown in Fig. 26, where
the oxidation mechanism of the latter has been the subject of
extensive research for many decades.®®

Much attention was also paid to the oxidation of carbon
monoxide, which is strongly influenced by the presence of
hydrogen-containing impurities.*® As for syngas itself, it has
also been the subject of ongoing research for almost a century
and continues to be a source of challenges and questions for
combustion specialists. Virtually all noteworthy results on this
subject obtained before 2007 are summarized and analyzed in
the very informative publication®® and its shorter version %,
Directly in a study®, the ignition of syngas of various com-
positions over a wide temperature range of 825 <7 <1400 K
and a pressure of 1 <P <45 atm was studied using reflected
shock waves.

Comparison of experimental and kinetic modelling results
using almost all the best known and best accepted current
mechanisms, with good agreement in the high-temperature
region, revealed marked discrepancies in the low-temperature
and high-pressure regions. Generally, at temperatures below
1000 K, the simulation predicts a much longer ignition delay
and a sharper increase as the temperature decreases than the
available experimental results and their extrapolation. Analyzing
the possible reasons for this discrepancy, Kalitan® points out
the numerous sources of distortion arising when using the shock
wave method at low temperature. This seems to be related to the
fact that most of the results obtained so far on the ignition and
combustion of syngas relate to the high-temperature and low-
pressure region, usually in mixtures heavily diluted with argon.

Another source of discrepancy may be the fact that most of
the kinetic mechanisms used for such analysis have been verified
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Figure 26. Lower igni-
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drogen concentration in it.
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on the basis of maximum approximation to the experimental
data of calculations based on the mechanisms of high-
temperature processes. Thus, according to the assumption of
Kalitan ef al.,*>1% the main reason for the discrepancy between
the results of kinetic calculations and experiments may be the
lack of data for testing these mechanisms in the low-temperature
and high-pressure regions, as well as the inaccuracy of the rate
constants of some important elementary stages.

In contrast, Dryer and Chaos '°! argued that the source of the
observed discrepancies in the ignition of syngas is mainly the
inadequacy of attempts to reflect the perturbations occurring
during ignition on the assumption of homogeneity of the gas
phase. In their opinion, these perturbations can reduce the
predicted ignition delay by several orders of magnitude.

Of the more recent studies on the ignition of syngas at
relatively low temperatures, the publication!'? should be
mentioned, which investigated the ignition of syngas in the
15—50 atm pressure range and 950—1100 K temperature range
using a rapid compression machine. It was noted that, over the
entire range of parameters studied, even a slight substitution of
H, for CO, without changing the equivalence ratio, increased the
ignition delay. At the same time, the inhibitory effect of CO
addition increased with increasing pressure. Kinetic analysis
showed that, under the conditions of these experiments, the
greatest influence on the discrepancy between the experimental
and calculated results was exerted by the choice of the calculated
reaction rate constant (7), the optimal choice of which allows
this discrepancy to be significantly reduced.

A detailed kinetic analysis of low-temperature ignition of
syngas showed,!%? that for CO and H, mixtures of different
compositions all current mechanisms describe the experimental
results quite accurately for temperatures above 1000 K
regardless of pressure. But at lower temperatures there is a
discrepancy with the experimental data and none of the
mechanisms were able to give a correct prediction of the ignition
delay. Such a discrepancy between modelling and experiments,
according to Cavaliere et al.,'® is not due to the presence of
carbon monoxide, but to inaccuracies in the hydrogen oxidation
mechanisms in use.

Karim et al.”° noted that the higher the hydrogen concentration
in the mixture, the worse the experimental data are consistent
with the modelling results. Agreement is achieved only at
relatively high temperature. The fact that these discrepancies are
particularly pronounced at high pressure, in the author’s opinion,
indicates insufficiently reliable information on the rate constants
of reactions involving HO; and H,0O, under such conditions.

Therefore, there remains a deep discrepancy between the
results of experimental determination of the ignition delay time
of syngas at temperatures below 1000 K, obtained mainly by the
shock wave method, and the results of kinetic modelling
(Fig. 27), which may stem both from the inadequacy of this
experimental method for the low temperature region and the
drawbacks of the used kinetic mechanisms of hydrogen and
syngas oxidation.

To experimentally determine the ignition delay of gas
mixtures at 7 <1000 K, the bypass method in a heated static
reactor is commonly used.'>16:194 However, the presence of
hydrogen in the syngas makes the mixture very flammable.
Although this method was successfully used to determine the
ignition delay of methane-hydrogen mixtures with hydrogen
content up to 50 vol.%,* an attempt to use it to determine the
ignition delay of syngas failed. Due to the lower ignition
inhibition capacity of CO compared to CH,, the ignition of even
5vol.% H, + 95 vol.% CO mixtures occurred at the moment of
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their bypass into the reactor.*> Therefore, a kinetic calculation 4°
was carried out to determine the ignition delay of syngas at
temperatures below 1000 K, based on the successful verification
of the mechanism!® used, by comparing it with experimental
data on determining the ignition delay of H,—0,—CO-Ar
mixtures in reflected shock waves at temperatures of 750—150 K
and a pressure of 1 atm.!03

The ignition delay was calculated for mixtures of syngas with
oxygen and argon under constant volume bypass reactor
conditions at an initial pressure of 1 atm and initial temperature
from 800 to 1100 K.*5 The process was modelled using the
CHEMKIN software package included in the ANSY'S software
package.'®® The detailed gas-phase kinetic mechanism
NUIGMechl.1 (2020) was used to describe chemical
transformations in the system.!?

As expected, the concentration of hydrogen in the syngas has
the most significant impact on ignition. The influence of CO
concentration and possible impurities (CO,, CHy, etc.) is much
weaker. Calculations show a sharp increase in the ignition delay
when the temperature decreases below 1000 K, associated with
fundamental changes in this area of the hydrogen oxidation
mechanism,*® which have fallen out of sight of most of the
experimental works carried out by the shock wave method, since
for them this is already the maximum reachable area. Figure 28
shows the calculation of the ignition delay of syngas for constant
volume bypass reactor conditions (P = 1 atm) as a function of its
composition for the higher (1000 K) and lower (800 K)
temperature region.

At CO concentration in syngas almost up to 80 vol.%, this
dependence is fairly weak because on ignition of syngas,
hydrogen present in it obviously dominates, and CO has a
significant influence only at its high concentration. At the same
time, it is important that at low temperature (7= 800 K), the
addition of CO initially promotes the ignition by shortening the
ignition delay time. At 7= 1000 K, however, due a change in
the hydrogen oxidation mechanism, the addition of CO inhibits
ignition from the outset.
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Figure 28. Ignition delay time of a stoichiometric syngas—air mix-
ture vs. the composition of syngas under constant volume bypass re-
actor conditions at P =1 atm. 7= 800 K (a), 7= 1000 K (b).*

For the same temperature values belonging to regions with
significantly different mechanisms of hydrogen oxidation, the
effect of pressure on the ignition delay of syngas in the range of
P=1-40 atm (Fig. 29) was calculated, the region being the
most interesting in practical terms, including the use of syngas
as a fuel for gas turbines. The pressure effect was calculated for
a syngas-air stoichiometric mixture at a hydrogen concentration
in the syngas of 60 mol.%.%

There is also a significant difference in the behaviour of the
syngas for the different temperature ranges. At 7'=800 K,
there is a monotonic decrease in the ignition delay with
increasing pressure. In contrast, at 7=1000 K and low
pressure, an increase in the ignition delay with pressure, typical
of these conditions for hydrogen oxidation, is observed. Only
at pressures above 10 atm its further increase reduces the
ignition delay.

Despite the dominant role of hydrogen oxidation kinetics in
the ignition of syngas, the role of CO in this process, especially
at low temperature and high pressure, should not be
underestimated. Walker e al.'7 found experimentally that when
small amounts of CO are added to H, between 950 and 1100 K,
as also seen in Fig. 28 b, carbon monoxide inhibits the ignition,
which is more noticeable at high pressure and may be related to
the chain-breaking reaction

CO+0"+M — CO,+M (30)

The experimentally shown promotion of hydrogen ignition
by CO additives at high temperatures and low pressures seems
to be due to the contribution of the chain branching reaction (31)

CO+0, — CO,+0" (31
log(z, s) a oa(r. s b
s 9(r. s)
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Figure 29. Ignition delay time of syngas (60 mol.% H, + 40 mol.%
CO. ¢ =1.0; T=800 K (a), T=1000 K (b)) vs. pressure.*’
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The potentially possible promotive contribution of
reaction (7) requires further analysis. It could be significant for
the region of 7<900K, in which HO; radicals play a
prominent, if not determining, role. Their concentration
increases steadily during the ignition delay period, and this is
what determines the kinetics of the process. But the validity of
such a statement will strongly depend on the real activation
energy of this reaction, which is unlikely to be low. In any case,
it was suggested that the value of the reaction (7) rate constant
should be changed to more adequately reflect its increasing
value at high pressure and intermediate temperatures.'92

The sharp change in the ignition delay time of syngas when
passing into the temperature region below 1000 K is certainly
determined by the corresponding changes in the hydrogen
oxidation mechanism. Even in the early studies,'7-19 a sharp
change in the activation energy of hydrogen oxidation at
T =~ 850 K was observed, from which it was concluded that the
change in the behaviour of the H,-air system is probably due to
a change in the reaction mechanism at low temperatures and
high pressures. The results described above (Section 5 and
Refs 49, 108) on the ignition of hydrogen and methane-
hydrogen mixtures at 7 < 1000 K unequivocally support this
conclusion.

Thus, it can be concluded that in the 800— 1000 K temperature
range and low (a few atmospheres) pressure, the ignition kinetics
of syngas at a concentration of CO <80 vol.% is almost entirely
determined by the kinetics of hydrogen ignition (see Fig. 28). In
the low-temperature part of this range, the role of CO is reduced
to a minor promotion, apparently due to the reaction (7), which
converts inactive HO; radicals, actually breaking the chains,
into active OH" radicals, propagating them. This effect is
superior to the inhibitory effect of increasing the heat capacity of
the mixture when CO is added and the higher efficiency of CO
compared to H, as the third body in the radical recombination
reactions (see Fig. 28a). At temperatures near 1000 K and
above, the role of HO; radicals, and consequently, the
reaction (7), becomes less significant and the inhibitory effect of
CO in the reaction (28) and as a diluent becomes predominant
(see Fig. 28 D).

At higher pressures, the CO promotion effect due to reaction
(7) may be more pronounced, although it may be partially
compensated by an increased contribution of the chain-breaking
reaction (30). At temperatures well above 1000 K, the role of
reaction (7) is likely to be negligible due to the rapid decrease in
the concentration of HO; radicals with temperature. However, at
an even higher temperature, the promotional effect of CO due to
the chain-branching reaction (31) is possible.

The role of possible changes in the oxidation mechanism of
CO itself when the concentration of hydrogen in the syngas
changes can be excluded from consideration, since in syngas of
almost any composition hydrogen and unreacted hydrocarbons
are present in a concentration that is significantly higher than
that necessary for rapid CO oxidation.”

Given the very high ignition propensity of hydrogen, the role
of most of the remaining impurities in the syngas at temperatures
below 1000 K seems to be limited to increasing the total heat
capacity of the mixture and their role as a ‘third body’ in
recombination and dissociation reactions. As for the effect of
water vapour, no appreciable dissociation of water vapour was
observed at 7'< 1200 K.''% Only at higher temperatures does
water dissociation produce OH' radicals, which accelerate
ignition. Below 1200 K, water promotes the death of H' atoms
as an effective third body in their recombination reactions,
which slows down ignition. Although small additions of water

vapour effectively promote CO oxidation, at [H,] = 5 vol.% and
above they have little or no effect on CO oxidation.”

The possibility of promoting the syngas ignition by water
vapour at low temperature and high pressure through the
following reaction (32) is sometimes pointed out

H,0, (+M) — OH'+OH’ (+M) (32)

where water vapour acts as the more efficient component M.!!!
However, based on the simulation results, the inhibitory effect
due to its high heat capacity still prevails, which is most
pronounced near 950 K. The effect of CO, at 7< 1000 K on the
ignition of syngas seems to be quite similar to that of water
vapour ''1-112 and is also reduced to an increase in the total heat
capacity of the mixture and its higher, compared to hydrogen
and carbon monoxide, efficiency as the third body in dissociation
and recombination reactions, with an apparent predominance of
inhibitory effect, although less strong than that of water vapour.
The effect of dilution with nitrogen is even less pronounced due
to its lower heat capacity and third-body efficiency compared to
H,0 and CO,. Similarly, the addition of H,O and CO, affects
the combustion of syngas.'!?

Of the relatively simple molecules, methane*” and, possibly,
heavier hydrocarbons have a noticeable influence on the ignition
delay of hydrogen and, consequently, of syngas. Due to the high
heat capacity of methane and the specifics of its low-temperature
oxidationmechanism, at 7 < 1000 K and a methane concentration
in the mixture with hydrogen of up to ca. 50 vol.%, the ignition
and combustion of such a mixture proceeds by the ‘methane’
mechanism, differing only slightly from analogous parameters
for methane. Only at hydrogen concentrations above 60 vol.%
there is a transition to a ‘hydrogen’ oxidation mechanism.
Apparently, dilution with methane will similarly affect the
ignition of syngas. When the methane concentration is equal or
higher than the hydrogen concentration in the syngas, its
significant influence and transition to ignition of the mixture by
the ‘methane’ mechanism can be expected.

It should also be noted that there are fundamental similarities
in the effect of carbon monoxide additives on the ignition of
methane and hydrogen.* In both cases, the process follows the
mechanism of methane or hydrogen oxidation, respectively, up
to a sufficiently high (60—80 vol.%) concentration of carbon
monoxide in the mixture, and only at a concentration of carbon
monoxide above 60—80 vol.% its presence begins to affects
markedly the ignition.

7. On the knock resistance characteristics
of gas fuels and the possibility of regulating
them

The widespread use of compressed natural gas (CNG), hydrogen
and their mixtures (trade name Hythane), is considered as one of
the most promising ways to improve fuel efficiency in transport
and reduce the emission of environmentally harmful combustion
products. The undoubted advantages of CNG include its
availability and relatively low cost compared to other transport
fuels,!'* as well as its high octane number (ON), which is ~110.

The traditional octane number scale used to determine the
engine properties of liquid fuels formally has an upper limit of
100 and is therefore not suitable for testing the antiknock quality
of CNG and even liquefied petroleum gas (LPG). Accordingly,
a mixture of hydrogen and methane, the so-called ‘methane
scale’,!'’ has been adopted as a standard reference fuel for
evaluating the knock resistance of gas fuels which extends the
measured range beyond the traditional Motor Octane Number
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(MON) and Research Octane Number (RON) ranges. The
measure of knock resistance of gas fuels corresponding to this
scale has been called the ‘methane number’ (MN), which is
defined as the volume percentage of methane in a mixture with
hydrogen corresponding to the intensity of knock of the gas
mixture under given engine operating conditions.

The addition of any inert components increases the heat
capacity of the system and thus increases the ignition delay of
gas mixtures. For example, the addition of inert gases such as N,
or CO, in spark-ignition combustion engines markedly increases
the knock resistance of gas fuels.!'® Therefore, for a range
beyond 100 MN, mixtures of methane and carbon dioxide are
used as reference mixtures. In this case, as defined, MN is 100
plus the volume percentage of CO, in the reference mixture of
methane and carbon dioxide.!'> In 1999, a consortium of
European gas industry leaders decided that this method of
determining the detonation resistance of gas fuels was
preferred.!'”  Currently, there are several calculators
available,!'® 119 which allow calculating the methane index of a
gas mixture based on its composition.'!> However, an assessment
of the actual knock resistant properties of gas fuels based on the
methane index is not fully adequate, and in reality it is necessary
to resort to engine fuel tests to determine them.

The technical procedure for determining the knock resistance
of gas fuels based on the methane scale requires special facilities,
of which there are few, and the procedure itself is considerably
more complicated than that for liquid fuels. The possibility of
adequate kinetic simulation of experiments on delayed ignition
of complex gas mixtures, shown in Section 3, opens up the
fundamental possibility of replacing the complex technical
procedure by mathematical methods. However, kinetic
modelling requires highly qualified specialists, so numerous
attempts have been made to describe the ignition delay of
complex gas mixtures analytically.

Spadaccini and Colket I11,3! based on the experimental results
obtained on the effect of ethane, n-propane and n-butane
additives on methane ignition, proposed a general correlation
for all types of hydrocarbon additives, accounted for as their
total concentration [TC]

Tign=1.77 - 107 14[CH,]69[0,] S HC] *Pexp(37100/RT) (33)

for temperatures ranging from 1300 to 2000 K, pressures
ranging from 3 atm to 15atm and an equivalence ratio
¢ =0.43—1.25 with an overall pressure dependence of ~P~078,
A number of other correlations of a similar type were also
proposed. 20

The theoretical justification for the applicability of such
analytical correlations can be provided by the experimentally
established '%2% weak influence on the methane ignition delay
by a particular composition of an impurity of heavier alkanes
contained in the gas. On this basis, a relatively simple analytical
procedure with tabulated parameters for calculating the ignition
delay times of real hydrocarbon gases was proposed for a more
accurate operational estimate of the antiknock rating of gas
mixtures.’® Formally, it was developed for binary and ternary
methane-alkane  mixtures  at atmospheric  pressure  and
temperatures of 800 < T (K) < 1000. But since, as it has been
shown experimentally and theoretically, the ignition delay
actually does not depend on the specific composition of its
heavier homologues present in the mixture with methane, but
only on their total concentration, this method of assessing the
knock resistance of gas-engine fuels can be applied to more
complex mixtures, including real natural gas.

Particular attention should be paid to the assessment, on the
basis of the methane scale, of the antiknock characteristics of
methane-hydrogen mixtures and other hydrogen-containing gas
fuels. This scale is actually based on the assumption that the
motor characteristics (flame velocity, ignition delay) of
methane-hydrogen mixtures depend linearly on the concentration
ofboth components, i.e., on the additive nature of the dependence
of these characteristics on the composition of such mixtures,
which does not correspond to reality (see Section 5). It was
shown that, at hydrogen concentrations of up to 40 vol.%, its
addition slightly affects the ignition delay of methane.*%-10
Study®® and the works cited therein found that, at hydrogen
concentration in mixtures with methane of up to 40 vol.%, it
also weakly affects the normal flame velocity of such mixtures.
And at higher concentrations, its influence increases
exponentially with hydrogen concentration (Fig. 30). Such a
complex and clearly non-linear dependence of the main
parameters of ignition and combustion of methane-hydrogen
mixtures on the concentration of the components not only
questions the validity of applying the methane scale to methane-
hydrogen fuel per se, but also its adequacy in general.

Despite the zero methane number attributed to hydrogen,
according to literature data, it has an RON above 130, and an
MON of 60 (Ref. 58), and is quite successfully used as a motor
fuel in internal combustion engines (Ref. 58, 60). This indicates
the inadequacy of the methane scale to characterize the knock
properties, at least of the methane-hydrogen mixtures
themselves. It seems that, if this criterion is acceptable, it is only
for the relative comparison between mixtures of methane and its
heavier homologues. However, if the mixture contains hydrogen
or compounds of other classes in appreciable concentration, it is
unlikely that its characteristics can be adequately assessed on
the basis of the methane scale.

In terms of the results presented in Section 3 on the effect of
alkane impurities on methane ignition delay, the Propane Knock
Index (PKI) is a more appropriate characterisation of natural
gas-based fuels. This parameter was proposed by Attar and
Karim 2! and is currently used by a number of gas-piston engine
manufacturers, in particular, it is calculated on a calculator.'??
The PKI is a characteristic of the knock resistance of a gas
mixture, defined as the equivalence percentage of propane in a
mixture with methane having the same knock resistance under
the same engine operating conditions as the tested mixture under
test. Taking into account the almost identical effect of the
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Figure 30. Laminar flame velocity Un of stoichiometric meth-
ane—hydrogen—air mixtures vs. hydrogen concentration in the mix-
tures at 7= 293 K. Solid line correspond to calculation, symbols cor-
respond to experimental data taken from various publications.?
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impurity of all C,—Cg alkanes on the ignition delay of methane
shown in Section 3, the PKI can quite adequately reflect the
knock resistance of at least methane-alkane gas fuels, i.e. real
CNG, if, instead of the propane concentration, the total
concentration of all C,+ alkanes contained in the mixture with
methane is taken into account.

The significant decrease in the knock resistance of natural
gas-based fuels in the presence of even small (~1 vol.%)
impurities of heavier homologues of methane homologues
makes the problem of their concentration reduction critically
important.

Known physical methods of separation of these impurities
from natural gas, such as cryogenic separation, short-cycle
adsorption, membrane technologies and others require complex
equipment, high energy input and, as a rule, are rarely
economically viable, especially for relatively small volumes of
gas fuel production.

Therefore, for this purpose, as well as for increasing the
knock resistance of liquid fuels, chemical methods of increasing
the knock resistance of fuels, in particular, selective oxycracking
of heavy methane homologues, may be more acceptable.?$ 123
This method is based on the large difference in the reactivity of
methane and its homologues, which is the main reason for their
different propensity to ignition. Using this difference, it is
possible to selectively oxidize C,+ homologues of methane
almost completely, under rather mild conditions (atmospheric
pressure and 7~ 1000—1100 K), into CO and olefins, mainly
ethylene, without affecting methane itself.123- 124

In conclusion, it is necessary to refer briefly to the safety
problems of hydrogen gas fuels. Although methane-hydrogen
mixtures are already used in social transport in a number of
countries, data on risk and safety analyses of their use are still
insufficient. Middha et al.'*> conclude that the use of hythane
mixtures is safer not only than pure hydrogen, which has
significant risks in practice,'2° but also than methane because
they combine the positive properties of hydrogen (high diffusion
coefficient) and methane (lower flame velocity and narrower
ignition limits). The modelling results showed that, in general,
the ignition propensity of the hythane mixture is slightly higher
than that of methane, and for both fuels the explosion pressure is
significantly lower than that of hydrogen. Similar conclusions
were reached by Yang et al.'?’

In general, it can be concluded that methane-hydrogen
mixtures with hydrogen content less than 40 vol.% are not very
different from natural gas in terms of their use in various types
of burners, engines and in terms of safety conditions when
working with them. This makes their use in most existing types
of burners and engines fundamentally possible, provided that
traditional handling conditions and safety measures are taken.
However, a major challenge remains the change in the strength
characteristics of most structural materials when interacting
with hydrogen (hydrogen embrittlement), especially at high
pressure,!?8 which requires careful choice of the apparatus and
materials to be used.

8. Conclusion

The enormous role of hydrocarbon oxidation and combustion
processes in power generation and oil and gas chemistry causes
a sustained interest in their study. The interest in gaseous
hydrocarbons, which are becoming not only the leading type of
fuel for power generation, but also chemical raw materials, is
growing especially fast. The study of the ignition and combustion
kinetics of liquid hydrocarbon fuels has consumed many decades

and continues intensively to the present day. Despite the
essentially simpler chemical structure of hydrogen, methane and
gas mixtures containing them, we still cannot say that we fully
understand all the subtleties and details of the kinetics of their
ignition and combustion. The main reason for the complexity of
these processes is their fundamental nonlinearity due to the
rapidly increasing variety of intermediate products formed even
in the oxidation and combustion of the simplest hydrocarbon,
methane, which are actively involved in subsequent
transformations.

The regularities of the influence on methane ignition of
impurities of its homologues considered in the review allow us
to provide a theoretical basis for the possibility and expediency
of practical use of the propane knock index (PKI) and relatively
simple analytical dependencies for estimating the motor
characteristics of real gas fuels based on methane and natural
gas. At the same time, the established peculiarities of ignition of
methane-hydrogen mixtures show the inadequacy of using for
this purpose the widespread methane scale, in which the knock
resistance of hydrogen is taken as zero.

Insignificant influence of hydrogen on ignition and
combustion of methane at its concentration in the mixture less
than 40 vol.%, in principle, enables the use such mixtures for
operation on the state-of-the-art gas equipment and with
observance of safety measures usual for natural gas. However,
the same circumstance practically eliminates the hope for the
possibility of significant improvement of ecological
characteristics of internal combustion engines and turbines
running on gas or liquid fuels at the expense of small additions
of hydrogen because of their too weak influence on ignition and
combustion of the main fuel.

A unique feature of methane, which distinguishes it from
other alkanes, is the possibility of low-temperature branched-
chain oxidation based on the formation and decomposition of
methylhydroperoxide. This property greatly complicates the
dependence of ignition of methane-containing mixtures on
external parameters.

No less unique is the mechanism of hydrogen ignition, in
which the kinetics of hydroperoxide formation and decom-
position plays a major role at moderate temperatures. Ignoring
these still insufficiently taken into account features can lead to
serious errors in the real assessment of the motor properties of
mixtures containing these gases, impede optimization of design
and operating modes of engines using them, and also lead to
serious miscalculations in the assessment of the ignition ability
of such mixtures, especially under non-standard conditions.

Section 6 of this study was carried out with the financial
support of the Russian Science Foundation (Grant No. 22-73-
00171).

9. List of abbreviations and symbols

CNG — compressed natural gas,

E, — effective activation energy of ignition delay,

ICE — internal combustion engine,

LPG — liquefied petroleum gas,

MN — methane number,

MON — motor octane number,

N, — number of carbon atoms,

NTC — negative temperature coefficient of the reaction rate,
NUI Galway — National University of Ireland in Galway,
ON — octane number,

Py, — initial pressure,

PKI — propane knock index,
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RON — research octane number,

SBI — static bypass installation,

T, — initial temperature,

¢ — equivalence ratio (fuel excess ratio),
7 — ignition delay time.

10. References

1.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

BP Statistical Review of World Energy, 2022, 71 edition
https://www.bp.com/content/dam/bp/business-sites/en/global/
corporate/pdfs/energy-economics/statistical-review/bp-stats-
review-2022-full-report.pdf (Last access 06.03.2023)

The Paris Agreement https://unfccc.int/process-and-meetings/
the-paris-agreement/the-paris-agreement (Last access 13.02.2023)
The Intergovernmental Panel on Climate Change. Sixth
assessment report https://www.ipcc.ch/ (Last access 13.02.2023)
V.S.Arutyunov, G.V.Lisichkin. Russ. Chem. Rev., 86, 777 (2017);
https://doi.org/10.1070/RCR4723
http://iopscience.iop.org/article/10.1070/RCR4723/pdf]
V.S.Arutyunov. Neft’ XXI. Mify i Real ’nost’ Al ternativnoi
Energetiki. (Oil XXI. Myths and Reality of Alternative Energy).
(Moscow: Eksmo, 2016). 208 c.

V.S.Arutyunov. Gorenie i Plasmokhimiya, 19, 245 (2021);
https://doi.org/10.18321/cpc462

V.S.Arutyunov. Petroleum Chemistry, 62, 583 (2022);
https://doi.org/10.1134/S0965544122040065;

V.A Kirilov, N.A.Kuzin, V.V.Kireenkov, Yu.l.Amosov,
V.A.Burtsev, V.K.Emel’yanov, V.A.Sobyanin, V.N.Parmon. 7eor:
Osnovy Khim. Tekhnologii, 45, 139 (2011)

. V.AKirilov, A.B.Shigarov, N.A.Kuzin, V.V.Kireenkov,

Yu.l.Amosov, A.V.Samoilov, V.A.Burtsev. Teor: Osnovy Khim.
Tekhnologii, 47, 503 (2013)

C.K.Westbrook, M.Sjoberg, N.P.Cernansky. Combust. Flame,
195, 50 (2018); https://doi.org/10.1016/].
combustflame.2018.03.038

A.Burcat, K.Scheller, A.Lifshitz. Combust. Flame, 16,29 (1971)
N.Lamoureux, C.-E.Paillard, V.Vaslier Shock Waves, 11, 309
(2002); https://doi.org/10.1007/s001930100108

D.Healy, H.J.Curran, S.Dooley, J.Simmie, D.Kalitan, E.Petersen,
G.Borque. Combust. Flame, 155, 441 (2008);
https://doi.org/10.1016/j.combustflame.2008.06.008
S.S.Goldsborough, S.Hochgreb, G.Vanhove, M.S.Wooldridge,
H.J.Curran, C.-J.Sung. Prog. Energy and Combust. Sci., 63, 1
(2017); https://doi.org/10.1016/j.pecs.2017.05.002
K.Ya.Troshin, A.V.Nikitin, A.A.Borisov, V.S.Arutyunov.
Combustion, Explosion, and Shock Waves, 52, 386 (2016);
https://doi.org/10.1134/S001050821604002X;

K.Ya.Troshin, A.V.Nikitin, A.A.Belyaev, A.V.Arutyunov,

A.A Kiryushin, V.S.Arutyunov. Combustion, Explosion, and
Shock Waves, 55, 526 (2019); https://doi.
org/10.1134/0010508219050022;

A.A.Belyaev, A.V.Nikitin, P.D.Toktaliev, P.A.Vlasov,
A.V.Ozerskiy, A.S.Dmitruk, A.V.Arutyunov, V.S.Arutyunov.
Combustion and Explosion, 11, 19 (2018); https://doi.
org/10.30826/CE18110102

P.Zhang, 1.G.Zsély, V.Samu, T.Nagy, T.Turanyi. Energy Fuels, 35,
12329 (2021); https://doi.org/10.1021/acs.energyfuels.0c04277
Mechanism Downloads. NUI Galway; https://www.
universityofgalway.ie/combustionchemistrycentre/
mechanismdownloads/ (Last access 18.06.2023)

V.Arutyunov. Direct Methane to Methanol: Foundations and
Prospects of the Process. (Amsterdam, The Netherlands:
Elsevier B.V., 2014)

V.S.Arutyunov, R.N.Magomedov, A.Yu.Proshina, L.N.Strekova.
Chem. Eng. J., 238, 9 (2014);
http://dx.doi.org/10.1016/j.cej.2013.10.009

G.Freeman, A.Lefebvre. Combust. Flame, 58, 153 (1984);
https://doi.org/10.1016/0010-2180(84)90090-7

N.Lamoureux, C.-E.Paillard. Shock Waves, 13, 57 (2003);
https://doi.org/10.1007/s00193-003-0188-z

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

M.M.Holton, P.Gokulakrishnan, M.S.Klassen, R.J.Roby,
G.SJackson. J. Eng. Gas Turbines and Power, 132, 091502
(2010); https://doi.org/10.1115/1.4000590

D.J.Beerer, V.G.McDonell. Proc. Combust. Inst., 33, 301 (2011);
http://dx.doi.org/10.1016/j.proci.2010.05.015

G.P.Smith, D.M.Golden, M.Frenklach, N.W.Moriarty, B.Eiteneer,
M.Goldenberg, C.T.Bowman, R.K.Hanson, S.Song,
W.C.Gardiner Jr., V.V.Lissianski, Z.Qin. GRI-Mech;
http://combustion.berkeley.edu/gri-mech/ (Last access
13.02.2023)

M.Baigmohammadi, V.Patel, S.Martinez, S.Panigrahy,
A.K.Ramalingam, U.Burke, K.P.Somers, K.A.Heufer, A.Pekalski,
H.J.Curran. Energy Fuels, 34, 3755 (2020);
https://doi.org/10.1021/acs.energyfuels.9b04139

V.Arutyunov, K.Troshin, A.Nikitin, A.Belyaev, A.Arutyunov,
A Kiryushin, L.Strekova. Chem. Eng. J., 381, 122706 (2020);
https://doi.org/10.1016/j.cej.2019.122706

E.B.Khalil, G.A.Karim. J. Eng. Gas Turbines and Power, 124,
404 (2002); https://doi.org/10.1115/1.1445438

J.Huang, W.K.Bushe. Comb. Flame, 144, 74 (2006);
https://doi.org/10.1016/j.combustflame.2005.06.013
L.J.Spadaccini, M.B.Colket I11. Prog. Energy Combust. Sci., 20,
431 (1994); https://doi.org/10.1016/0360-1285(94)90011-6

Cao Su, D.Wang, T.Wang. Chem. Eng. Sci, 65, 2608 (2010);
https://doi.org/10.1016/j.ces.2009.12.035

H.Wei, J.Qi, L.Zhou, W.Zhao, G.Shu. Energy Fuels, 32, 6264
(2018); https://doi.org/10.1021/acs.energyfuels. 7604128
L.S.Thorsen, M.S.T.Jensen, M.S.Pullich, J.M.Christensen,
H.Hashemi, P.Glarborg Energy Fuels, 37 (4), 3048 (2023);
https://doi.org/10.1021/acs.energyfuels.2c03542

A.T. Balaban, L.B.Kier, N.Joshi. MATCH Commun. Math. Co.
28, 13 (1992); https://match.pmf.kg.ac.rs/content28.htm

(Last access 11.06.2023)

K.Ya.Troshin, A.A.Belyaev, A.V.Arutyunov, A.V.Nikitin,
V.S.Arutyunov. Combustion and Explosion, 13 (1), 18 (2020);
https://doi.org/10.30826/CE20130102

K.Ya.Troshin, A.A.Belyaev, A.V.Arutyunov, G.A.Shubin,
V.S.Arutyunov. Combustion and Explosion, 14 (1), 3 (2021);
https://doi.org/10.30826/CE21140101]

A.V.Drakon, A.V.Eremin, V.V.Azatyan. Dokl. Phys. Cem., 484,
312 (2019) https://doi.org/10.31857/S0869-56524843312-315
A.V.Arutyunov, K.Ya.Troshin, A.V.Nikitin, A.A.Belyaev,
V.S.Arutyunov. IOP Conf- Series: J. Physics: Conf. Series,
1141, 012153 (2018);
https://doi.org/10.1088/1742-6596/1141/1/012153
N.N.Semenov. On Some Problems of Chemical Kinetics and
Reactivity. (Elsevier, 1958)

P.Gray, J.F.Griffiths, S.K.Scott. Proc. R. Soc. Lond. A, 397, 21
(1985); http://rspa.royalsocietypublishing.org/

Carbon Monoxide — Hydrogen Combustion Characteristics in
Severe Accident Containment Conditions Final report. (Nuclear
energy agency committee on the safety of nuclear installations,
2000); https://www.oecd-nea.org/upload/docs/application/
pdf/2020-01/csni-r2000-10.pdf (Last access 13.02.2023)
S.M.Walton, X.He, B.T.Zigler, M.S.Wooldridge. Proc.
Combust. Inst., 31, 3147 (2007);
https://doi.org/10.1016/j.proci.2006.08.059

H.C.Lee, L.Y Jiang, A.A.Mohamad. /nt. J. Hydrog. En., 39,
1105 (2014); http://dx.doi.org/10.1016/j.ijhydene.2013.10.068
A.V.Arutyunov, A.R.Akhun’yanov, G.A.Shubin, A.A Belyaev,
P.A.Vlasov, V.N.Smirnov, K.Ya.Troshin, V.S.Arutyunov
Combustion and Explosion, 16 (2), 3 (2023);
https://doi.org/10.30826/CE23160201

K.Ya.Troshin, A.A.Belyaev, A.V.Arutyunov, V.S.Arutyunov.
Combustion, Explosion, and Shock Waves, 2023 (in the press)
V.S.Arutyunov, A.A,Belyaev, K.Ya.Troshin, A.V.Arutyunov,
A.A.Tsarenko, A.V.Nikitin. Oil and Gas Chemistry, 3—4, 5
(2018); https://doi.org/10.24411/2310-8266-2019-10401
V.S.Arutyunov, K.Ya.Troshin, A.A.Belyaev, A.V.Arutyunov,
A.V.Nikitin, L.N.Strekova. Gorenie i Plazmokhimiya, 18, 61
(2020)


https://www.bp.com/content/dam/bp/business-sites/en/global/
https://unfccc.int/process-and-meetings/
https://www.ipcc.ch/
https://doi.org/10.1070/RCR4723
http://iopscience.iop.org/article/10.1070/RCR4723/pdf
https://doi.org/10.18321/cpc462
https://doi.org/10.1134/S0965544122040065
https://doi.org/10.1016/j
https://doi.org/10.1007/s001930100108
https://doi.org/10.1016/j.combustflame.2008.06.008
https://doi.org/10.1016/j.pecs.2017.05.002
https://doi.org/10.1134/S001050821604002X
https://doi
https://doi
https://doi.org/10.1021/acs.energyfuels.0c04277
https://www
http://dx.doi.org/10.1016/j.cej.2013.10.009
https://doi.org/10.1016/0010-2180(84)90090-7
https://doi.org/10.1007/s00193-003-0188-z
https://doi.org/10.1115/1.4000590
http://dx.doi.org/10.1016/j.proci.2010.05.015
http://combustion.berkeley.edu/gri-mech/
https://doi.org/10.1021/acs.energyfuels.9b04139
https://doi.org/10.1016/j.cej.2019.122706
https://doi.org/10.1115/1.1445438
https://doi.org/10.1016/j.combustflame.2005.06.013
https://doi.org/10.1016/0360-1285(94)90011-6
https://doi.org/10.1016/j.ces.2009.12.035
https://doi.org/10.1021/acs.energyfuels.7b04128
https://doi.org/10.1021/acs.energyfuels.2c03542
https://match.pmf.kg.ac.rs/content28.htm
https://doi.org/10.30826/CE20130102
https://doi.org/10.30826/CE21140101
https://doi.org/10.31857/S0869-56524843312-315
https://doi.org/10.1088/1742-6596/1141/1/012153
http://rspa.royalsocietypublishing.org/
https://www.oecd-nea.org/upload/docs/application/
https://doi.org/10.1016/j.proci.2006.08.059
http://dx.doi.org/10.1016/j.ijhydene.2013.10.068
https://doi.org/10.30826/CE23160201
https://doi.org/10.24411/2310-8266-2019-10401

24 u3 25

V.S.Arutyunov, A.V.Arutyunov, A.A.Belyaev, K.Ya.Troshin
Russ. Chem. Rev., 2023, 92 (7) RCR5084

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

V.Arutyunov, A.Belyaev, A.Arutyunov, K.Troshin, A.Nikitin.
Processes, 10, 2177 (2022);
https://doi.org/10.3390/pr10112177

S.Gersen, H.Darmeveil, H.Levinsky. Combustion and Flame,
159, 3472 (2012);
https://doi.org/10.1016/j.combustflame.2012.06.021
M.G.Bryukov, A.S.Palankoeva, A.A.Belyaev, V.S.Arutyunov.
Kinetics and Catalysis, 62, 703 (2021);
https://doi.org/10.1134/S0023158421060021;

W.Tsang, R.F.J.Hampson. Phys. Chem. Ref. Data, 15, 1087 (1986)
V.S.Arutyunov. Academia Letters, Article 3692 (2021);
https://doi.org/10.20935/AL3692

Hydrogen Storage Tech Team Roadmap. July 2017; https://www.
energy.gov/sites/prod/files/2017/08/f36/hstt_roadmap July2017.
pdf (Last access 13.02.2023)

L.M.Kustov, A.N.Kalenchuk, V.I.Bogdan. Russ. Chem. Rev., 89,
897 (2020); https://doi.org/10.1070/RCR4940

I.A Makaryan, .V.Sedov, E.A.Salgansky, A.V.Arutyunov,
V.S.Arutyunov. Energies, 15, 2265 (2022);
https://doi.org/10.3390/en15062265

D.Mahajan, K.Tan, T.Venkatesh, P.Kileti, C.R.Clayton. Energies,
15, 3582 (2022); https://doi.org/10.3390/en15103582

G.A Karim, [.Wierzba, Y.AL-Alousi. Int. J. Hydrogen Energy, 21,
625 (1996); https://doi.org/10.1016/0360-3199(95)00134-4
S.Verhelst, T.Wallner. Prog. Energy Combust. Sci., 35, 490
(2009); https://doi.org/10.1016/j.pecs.2009.08.001

S.0.Akansu, M.Bayrak. Int. J. Hydrogen Energy, 36, 9260 (2011);
https://doi.org/10.1016/j.ijjhydene.2011.04.043

P.M.Diéguez, J.C.Urroz, D.Sainz, L.M.Gandia. Appl. Energy, 113,
1068 (2014); https://doi.org/10.1016/j.apenergy.2013.08.063
M.Kamil, M.M.Rahman. Appl. Energy, 158, 556 (2015);
https://doi.org/10.1016/j.apenergy.2015.08.041

M.Klell, H.Eichlseder, M.Sartory. Int. J. Hydrogen Energy, 37,
11531 (2012); https://doi.org/10.1016/j.ijhydene.2012.03.067
F.Moreno, M.Muioz, J.Arroyo, O.Magén, C.Monné, 1.Suelves.
Int. J. Hydrogen Energy, 37, 11495 (2012);
https://doi.org/10.1016/j.ijhydene.2012.04.012

Y.Zhanga, J.Wu, S.Ishizuka. Int. J. Hydrogen Energy, 34, 519
(2009); https://doi.org/10.1016/j.ijhydene.2008.10.065
A.Delorme, A.Rousseau, P.Sharer, S.Pagerit, T.Wallner. Evolution
of Hydrogen Fueled Vehicles Compared to Conventional Vehicles

firom 2010 to 2045. SAE Paper No. 2009-01-1008. Evolution

2009, 1, 1008; https://saemobilus.sae.org/content/2009-01-1008/
(Last access 13.06.2023)

FreedomCAR and Vehicle Technologies Multi-Year Program Plan
2006-2011, U.S.Department of Energy;
https://www1.eere.energy.gov/vehiclesandfuels/pdfs/mypp/1_
prog_over.pdf (Last access 13.06.2023).

B.Lewis, G.Elbe. Combustion, Flames and Explosions of Gases.
(Academic Press: Orlando, FL, USA, 1987)

Z.Huang, Y.Zhang, K.Zeng, B.Liu, Q.Wang, D.Jiang. Combust.
Flame, 146, 302 (2006);
https://doi.org/10.1016/j.combustflame.2006.03.003

J.Huang, W.K.Bushe, P.G.Hill, S.R.Munshi. Int. J. Chem. Kinet.,
38, 221 (2006); https://doi.org/10.1002/kin.20157

J.Herzler, C.Naumann. Proc. Combust. Inst., 32,213 (2009);
https://doi.org/10.1016/j.proci.2008.07.034

A.A.Konnov, R.Riemeijer, L.de Goey. Fuel, 89, 1392 (2010);
https://doi.org/10.1016/j.fuel.2009.11.002

S.P.Medvedev, B.E.Gelfand, S.V.Khomik, G.L.Agafonov. J. Eng.
Phys. Thermophys., 83, 1170 (2010);
https://doi.org/10.1007/s10891-010-0440-1

Y.Zhang, Z.Huang, L.Wei, X.Zhang, C.K.Law. Combust. Flame,
159,918 (2012);
https://doi.org/10.1016/j.combustflame.2011.09.010

Y.Zhang, X.Jiang, L.Wei, J.Zhang, C.Tang, Z.Huang. Int. J.
Hydrogen Energy, 37, 19168 (2012);
https://doi.org/10.1016/j.ijhydene.2012.09.056

S.Drost, S.Eckart, C.Yu, R.Schie}l, H.Krause, U.Maas. Energies,
16, 2621 (2023); https://doi.org/10.3390/en16062621

77.

78.
79.
80.
81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

S.Gersen, N.B.Anikin, A.V.Mokhov, H.B.Levinsky. /nt. J.
Hydrogen Energy, 33, 1957 (2008);
https://doi.org/10.1016/j.ijhydene.2008.01.017

T.G.Sholte, P.B.Vaags. Combustion and Flame, 3, 511 (1959)
B.E.Milton, J.C.Keck. Combustion and Flame, 58, 13 (1984)
G.Yu, C.K.Law, C.K.Wu. Combustion and Flame, 63, 339 (1986)
F.Halter, C.Chauveau, N.Djebaili-Chaumeix, I.Gokalp. Proc.
Combust. Inst., 30,201 (2005)

R.T.E.Hermanns Laminar Burning Velocities of Methane-
Hydrogen-Air Mixtures. Proefschrift. (Technische Universiteit
Eindhoken, 2007). ISBN: 978-90-386-1127-3;
http://alexandria.tue.nl/extra2/200711972.pdf

E.Hu, Z.Huang, J.He, Ch.Jin, J.Zheng. Int. J. Hydrogen Energy,
34,4876 (2009)

P.Dirrenberger, H.Le Gall, R.Bounaceur, O.Herbinet, P.-A.Glaude,
A.Konnov, F.Battin-Leclerc. Energy and Fuels, 25, 3875 (2011)
V.Moccia, J.D’Alessio. Energies, 6,97 (2013)

K.Ya.Troshin, A.A.Borisov, A.N.Rakhmetov, V.S.Arutyunov,
G.G.Politenkova. Russ. J. Phys. Chem. B, 7,290 (2013)
N.Donohoe, A .Heufer, W.K.Metcalfe, H.J.Curran, M.L.Davis,
0O.Mathieu, D.Plichta, A.Morones, E.L.Petersen, F.Guthe.
Combustion and Flame, 161, 1432 (2014)

E.C.Okafor, A.Hayakawa, Yu.Nagano, T.Kitagawa. Int. J.
Hydrogen Energy, 39, 2409 (2014)

A.V.Arutyunov, A.A.Belyaev, [.N.Inovenkov, V.S.Arutyunov.
Combustion and Flame, 12 (4), 4 (2019);
https://doi.org/10.30826/CE19120401

J.de Vries, E.L.Petersen. Proc. Combust. Inst., 31, 3163 (2007)
J.Herzler, C.Naumann. Proc. Combust. Inst., 32,213 (2009);
https://doi.org/10.1016/j.proci.2008.07.034

S.M.Sarathy, C.K.Westbrook, W.J.Pitz, M.Mehl, C.Togbe,
P.Dagaut, H.Wang, M.Oehlschlaeger, U.NIemann, K.Seshadri,
P.S.Veloo, C.Ji, F.Egolfopoulos, T.Lu. Comprehensive Chemical
Kinetic Modeling of the Oxidation of C8 and Larger n-Alkanes
and 2-Methylalkanes. (Lawrence Livermore National Laboratory,
2011). LLNL-JRNL-474853

E.L.Petersen. ].M.Hall, S.D.Smith, J.de Vries, A.R.Amadio,
M.W.Crofton. J. Eng. Gas Turbines Power, 129, 937 (2007);
https://doi.org/10.1115/1.2720543

S.M.Walton, X.He, B.T.Zigler, M.S.Wooldridge. Proc. Combust.
Inst., 31, 3147 (2007); https://doi.org/10.1016/j.proci.2006.08.059
H.C.Lee, L.Y.Jiang, A.A.Mohamad. /Int. J. Hydrogen Energy, 39,
1105 (2014); https://dx.doi.org/10.1016/j.ijhydene.2013.10.068
V.S.Arutyunov, [.A.Golubeva, O.L.Eliseev, F.G.Zhagfarov.
Tekhnologiya Pererabotki Uglevodorodnykh Gazov. (Technology
for the Processing of Hydrocarbon Gases. Textbook for
Universities). (Moscow: Yurait, 2020), 723cc. ISBN 978-5-534-
12398-2

Carbon Monoxide — Hydrogen Combustion Characteristics in
Severe Accident Containment Conditions. Final report;
https://www.oecd-nea.org/upload/docs/application/pdf/2020-01/
csni-r2000-10.pdf (Last access 13.06.2023).

G.A Karim, [.Wierzba, S.Boon. Int. J. Hydrogen Energy, 10, 117
(1985); https://doi.org/10.1016/0360-3199(85)90044-8
D.M.Kalitan. 4 Study of Syngas Oxidation at High Pressures And
Low Temperatures. 2007. Electronic Theses and Dissertations,
2004-2019. 3219; https://stars.library.ucf.edu/etd/3219
D.M.Kalitan, J.D.Mertens, M.W.Crofton, E.L.J.Petersen. Propuls.
Power, 23, 1291 (2007); https://doi.org/10.2514/1.28123
F.L.Dryer, M.Chaos. Combust. Flame, 152,293 (2007);
https://doi.org/10.1016/j.combustflame.2007.08.005

G.Mittal, C.-J.Sung, R.A.Yetter. /nt. J. Chem. Kinet., 38, 516
(20006); https://doi.org/10.1002/kin.20180

D.E.Cavaliere, M.De loannon, P.Sabia, M.Allegorico,
T.Marchione, M.Sirignano, A.A.D’Anna. Combus. Sci. Technol.,
182, 692 (2010); https://doi.org/10.1080/00102200903466525
M.Reyes, F.V.Tinaut, B.Giménez, A.Camaio. Energy Fuels, 35,
3497 (2021); https://doi.org/10.1021/acs.energyfuels.0c03598
V.N.Smirnov, G.A.Shubin, A.V.Arutyunov, P.A.Vlasov,
A.A.Zakharov, V.S.Arutyunov. Russ. J. Phys. Chem. B, 16, 1092
(2022); https://doi.org/10.1134/S1990793122060112


https://doi.org/10.3390/pr10112177
https://doi.org/10.1016/j.combustflame.2012.06.021
https://doi.org/10.1134/S0023158421060021
https://doi.org/10.20935/AL3692
https://www
https://doi.org/10.1070/RCR4940
https://doi.org/10.3390/en15062265
https://doi.org/10.3390/en15103582
https://doi.org/10.1016/0360-3199(95)00134-4
https://doi.org/10.1016/j.pecs.2009.08.001
https://doi.org/10.1016/j.ijhydene.2011.04.043
https://doi.org/10.1016/j.apenergy.2013.08.063
https://doi.org/10.1016/j.apenergy.2015.08.041
https://doi.org/10.1016/j.ijhydene.2012.03.067
https://doi.org/10.1016/j.ijhydene.2012.04.012
https://doi.org/10.1016/j.ijhydene.2008.10.065
https://saemobilus.sae.org/content/2009-01-1008/
https://www1.eere.energy.gov/vehiclesandfuels/pdfs/mypp/1_
https://doi.org/10.1016/j.combustflame.2006.03.003
https://doi.org/10.1002/kin.20157
https://doi.org/10.1016/j.proci.2008.07.034
https://doi.org/10.1016/j.fuel.2009.11.002
https://doi.org/10.1007/s10891-010-0440-1
https://doi.org/10.1016/j.combustflame.2011.09.010
https://doi.org/10.1016/j.ijhydene.2012.09.056
https://doi.org/10.3390/en16062621
https://doi.org/10.1016/j.ijhydene.2008.01.017
http://alexandria.tue.nl/extra2/200711972.pdf
https://doi.org/10.30826/CE19120401
https://doi.org/10.1016/j.proci.2008.07.034
https://doi.org/10.1115/1.2720543
https://doi.org/10.1016/j.proci.2006.08.059
https://dx.doi.org/10.1016/j.ijhydene.2013.10.068
https://www.oecd-nea.org/upload/docs/application/pdf/2020-01/
https://doi.org/10.1016/0360-3199(85)90044-8
https://stars.library.ucf.edu/etd/3219
https://doi.org/10.2514/1.28123
https://doi.org/10.1016/j.combustflame.2007.08.005
https://doi.org/10.1002/kin.20180
https://doi.org/10.1080/00102200903466525
https://doi.org/10.1021/acs.energyfuels.0c03598
https://doi.org/10.1134/S1990793122060112

V.S.Arutyunov, A.V.Arutyunov, A.A.Belyaev, K.Ya.Troshin
Russ. Chem. Rev., 2023, 92 (7) RCR5084

25 of 25

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

ANSYS Academic Research CFD.CHEMKIN-Pro 15112,
Reaction Design: San Diego, CK-TUT-10112-1112-UG-1, 2011
D.W.Walker, L.H.Diehl, W.A.Strauss, R.Edse. Investigation of the
Ignition Properties of Flowing Combustible Gas Mixtures. Ohio
State University, Technical Report AFAPL-TR-69-82, August,
1969

M.E.Neer. AI44 J., 13, 924 (1975).

V.S.Arutyunov, A.A.Belyaev, A.V.Arutyunov, K.Ya.Trishin,
A.A.Tsarenko, A.V.Nikitin. NefteGazoKhimiya, 3—4, 5 (2019);
https://doi.org/10.24411/2310-8266-2019-10401

W.T.Peschke, L.J.Spadaccini. Determination of Autoignition and
Flame Velocity Characteristics of Coal Gases Having Medium
Heating Values. EPRI AP-4291 Research Project 2357-1, Final
Report, November, 1985

D.He, W.Yan. Chin. J. Chem. Eng., 25,79 (2017);
http://dx.doi.org/10.1016/j.cjche.2016.06.003

A.R.Akhun’yanov, A.V.Arutyunov, P.A.Vlasov, V.N.Smirnov,
V.S.Arutyunov. Kinet. Catal., 64, 153 (2023)

S.Wang, Z.Wang, A.M.Elbaz, Y.He, C.Chen, Y.Zhu, W.L.Roberts.
Energy Fuels, 35, 18733 (2021);
https://doi.org/10.1021/acs.energyfuels.1c02901

K.Kim, H.Kim, B.Kim, K.Lee. Oil & Gas Science and
Technology — Rev. IFP, 64, 199 (2009); https://doi.org/10.2516/
0gst:2008044

M.Leiker, K.Christoph, M.Rankl, W.Cantellieri, U.Pfeifer (AVL,
Graz, Austria), Evaluation of Anti-Knocking Property of Gaseous
Fuels by Means of Methane Number and its Practical Application
to Gas Engines. ASME-72-DGP-4; 1972; https://jglobal.jst.go.jp/
en/detail?/GLOBAL_ID=201602009196798751

G.Brecq, J.Bellettre, M.Tazerout, T.Muller. Appl. Thermal Eng.,
23, 1359 (2003); https://doi.org/10.1016/S1359-4311(03)00063-2
M.Malenshek, D.B.Olsen. Fuel, 88, 650 (2009);
https://doi.org/10.1016/j.fuel.2008.08.020

Natural Gas as Fuel. Fuel Quality Calculator. URL,;
http://www.cumminswestport.com/fuel-Quality-calculator

(Last access 14.06.2023)

Wairtsila Calculator. Internet resource: https://www.wartsila.com/
products/marine-oil-gas/gas-solutions/methane-number-calculator
(Last access 14.06.2023)

E.L.Petersen, M.Rohrig, D.F.Davidson, R.K.Hanson,
C.T.Bowman. Proc. Combust. Inst., 26, 799 (1996)

A.A.Attar, G.A Karim. J. Eng. Gas Turbines and Power, 125, 500
(2003); https://doi.org/10.1115/1.1560707

V.M.van Essen, S.Gersen, G.H.J.van Dijk, H.B.Levinsky. Next
Generation Knock Characterization. Conference: International
Gas Union Research Conference 2014. Copenhagen. Internet
resource: https://www.researchgate.net/publication/283070331
Next generation knock characterization (Last access 14.06.2023)
V.S.Arutyunov, V.I.Savchenko, I.V.Sedov, A.V.Nikitin,
R.N.Magomedov, A.Yu.Proshina. Russ. Chem. Rev., 86, 47
(2017); https://doi.org/10.1070/RCR4648

V.1.Savchenko, V.S.Arutyunov, I.G.Fokin, A.V.Nikitin, I.V.Sedov.
Petroleum Chem., 57,236 (2017);
https://doi.org/10.1134/S0965544117020232

P.Middha, D.Engel, O.R.Hansen. Int. J. Hydrogen Energy, 36,
2628 (2011); https://doi.org/10.1016/j.ijhydene.2010.04.132
C.Wang, L.Zhao, J.Qu, Y.Xiao, J.Deng, C.-M.Shu. Energy Fuels,
37,5653 (2023);

https://doi.org/10.1021/acs.energyfuels.2c03866

X.Yang, T.Wang, Y.Zhang, H.Zhang, Y.Wu, J.Zhang. Energy, 239,
122248 (2022); https://doi.org/10.1016/j.energy.2021.122248
Hydrogen Pipeline Systems. Doc 121/14. European Industrial
Gases Association AISBL.https://www.eiga.eu/publications/
eiga-documents/doc-12114-hydrogen-pipeline-systems/

(Last access 14.06.2023)


https://doi.org/10.24411/2310-8266-2019-10401
http://dx.doi.org/10.1016/j.cjche.2016.06.003
https://doi.org/10.1021/acs.energyfuels.1c02901
https://doi.org/10.2516/
https://jglobal.jst.go.jp/
https://doi.org/10.1016/S1359-4311(03)00063-2
https://doi.org/10.1016/j.fuel.2008.08.020
http://www.cumminswestport.com/fuel-Quality-calculator
https://www.wartsila.com/
https://doi.org/10.1115/1.1560707
https://www.researchgate.net/publication/283070331_
https://doi.org/10.1070/RCR4648
https://doi.org/10.1134/S0965544117020232
https://doi.org/10.1016/j.ijhydene.2010.04.132
https://doi.org/10.1021/acs.energyfuels.2c03866
https://doi.org/10.1016/j.energy.2021.122248
https://www.eiga.eu/publications/

	1. Introduction
	2. Ignition of methane and other light alkanes
	3. Effect of methane homologues and other components on the methane ignition delay
	3.1. Effect of methane homologues on the methane ignition delay
	3.2. Effect of unsaturated compounds on the methane ignition delay
	3.3. Effect of inert components on the methane ignition delay

	4. Ignition of methane mixtures with carbon monoxide
	5. Ignition of methane mixtures with hydrogen
	6. Effect of hydrogen and carbon monoxide mixture (syngas) composition on its ignition
	7. On the knock resistance characteristics of gas fuels and the possibility of regulating them
	8. Conclusion
	9. List of abbreviations and symbols
	10. References

