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I love science more than money. 

Johann Wolfgang Döbereiner



Preface 

One of the reasons for writing this book was that 200 years ago in 1822, Johann 
Wolfgang Döbereiner published his pioneering work on the catalytic action of plat-
inum on the oxidation of alcohol to acetic acid, although the term “catalysis” was 
introduced by Jöns Jakob Berzelius noticeably later in 1835. Döbereiner was the 
first, who noted that the platinum was not used up by the reaction but could be used 
again to acidify fresh, perhaps limitless, quantities of alcohol. It is the definition that 
carries the essence of the contemporary meaning of the catalysis. 

Another phrase of Döbereiner “I love science more than money” also remained in 
history, and something tells the authors that few modern scientists can repeat these 
words sincerely. 

In this book, the issues on noble metal influence on gaseous combustion are 
examined, which have been partly considered in our previous books Key Factors of 
Combustion, From Kinetics to Gas Dynamics (2017, Springer Aerospace technology, 
Springer International Publishing) and Initiation and Flame Propagation in Combus-
tion of Gases and Pyrophoric Metal Nanostructures (2021, Fluid Mechanics and Its 
Applications, Springer Nature Switzerland AG). We drew attention to the fact that our 
seemingly disparate experimental data presented in these books were significantly 
supplemented and rethought; in addition, a number of new results were obtained, both 
experimental and theoretical ones. In our opinion, the entire cycle of our research 
on the effects of noble metals (platinum, palladium, ruthenium and rhodium) on the 
ignition and combustion of hydrogen and hydrogen-hydrocarbon mixtures (C1–C6) 
should be presented sequentially and summarized in a separate monograph. 

Catalysis by noble metals is usually studied when the metal is deposited on a 
substrate, while the action of the catalyst itself should be separated from the processes 
of interaction of the metal and the reaction being studied with the substrate. Never-
theless, relatively few studies have been devoted to catalysis on the surfaces of pure 
metals. This book is one of such studies. 

The book is aimed at the consideration of the essential problems of catalysis with 
noble metals in combustion; it presents the original results obtained by the authors 
in 2014–2022. This book focuses on the new data on combustion processes having 
practical applications and includes fire safety issues in the use of noble metals in
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hydrogen recombiners for NPP, as well as in catalytically stabilized (CS) combustion 
technology including stimulation of combustion of hydrogen-blended hydrocarbons, 
synthesis of carbon nanotubes and determination of catalytic ignition limits in noble 
metal-hydrogen-hydrocarbon systems. 

The studies presented in each paragraph are set out in the common scientific article 
format, namely introduction, experiment and discussion of the results. 

The book is useful for experienced students and qualified scientists in the area of 
experimental and numerical studies of combustion processes. 

A cellular combustion regime of 40% H2–air mixture in the presence of a Pt 
wire over the interval 270–350 °C was observed for the first time. It is shown that 
the regime is caused by the catalytic action of Pt-containing particles formed by 
decomposition of volatile platinum oxide in the gas phase. 

It was shown that the temperature of the initiated ignition at 40 Torr over heated 
Pd foil is ~100 °C lower than over Pt foil. Even the minimum temperature value 
(623 °C) is sufficient to ignite 2H2 + O2 mixture; i.e., the influence of a catalytic 
H2 + O2 reaction over the noble metals is negligible in case of initiated ignition. 
The presence of water vapor prevents ignition. For thermal ignition at 180 Torr and 
288 °C over Pd foil, the catalytic activity of the surface is higher than that over Pt foil. 
The activity of Pd foil reveals itself in both the occurrence of local ignition centers 
on the foil, from which combustion wave propagates, and the dark catalytic reaction 
of consumption of the flammable mixture. 

It was shown that in the reaction of hydrogen combustion, metallic Pt acts as a 
heat source similar to, e.g., a tungsten wire heated by an external source. However, 
in the case under investigation, Pt is heated with an internal source, namely a surface 
catalytic reaction. It must be also taken into account that the composition of the 
surface layer changes during ignitions from Pt oxide (PtO2) to another composition, 
exhibiting properties different from PtO2. 

Hydrogen and deuterium combustion over Rh, Ru, Pd and Pt wires at total pres-
sures up to 200 Torr and initial temperatures up to 500 °C was investigated in 
order both to establish the dependencies of catalytic ignition limits over noble metal 
surfaces on temperature and to indicate the governing factors of the problem of gas 
ignition by a catalytic surface. It was revealed that Rh, Ru and Pd surfaces treated 
with 2H2 + O2 ignitions show the defects in the form of openings, which are located 
on etching patterns; the etching substances are active intermediates of H2 oxidation. 
It was found that before ignition catalytic wire is not heated up uniformly; initial 
centers of the ignition occur. It was shown that Rh is the most effective catalyst of 
2H2 + O2 ignition, the lowest ignition temperature over Rh-coated Pd wire (Rh/Pd) 
was 210 °C, for Ru/Pd and Pd—300 °C, for Pt wire—410 °C at total pressures 
less than 200 Torr. The hysteresis phenomenon is observed over Ru/Pd, Pt and Pd 
wires; namely, the ignition limit value measured over the wire, which is not treated 
with ignitions (a procedure of increasing temperature from a state of no ignition), 
is higher than the value measured with a procedure of decreasing temperature from 
a state of catalytic ignition. It was shown that Rh is the most effective catalyst of 
2D2 + O2 ignition, in this case the lowest ignition temperature over Rh-coated Pd 
wire (Rh/Pd) was 100 °C. It is more accurate to speak about ignition over noble
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metals hydrides/deuterides; thus, the lowest ignition limit of 2D2 + O2 over rhodium 
deuteride was 100 °C; thus, D2 is more flammable than H2 over Rh and Pd. The 
obtained results indicate the existence of a “kinetic inverse isotope effect”, which 
affects the reactivity of MeH and MeD, where Me = Rh, Pd. 

It was shown that the initiation of the thermal ignition process is always deter-
mined by the presence of reactive centers on the surface, the properties of which 
are determined by both surface defects having an excess of free energy and their 
catalytic properties; the ignition process includes stages of warming-up, local igni-
tion and flame propagation. The chemical activity of various sites of the surface 
changes from one ignition to another. The basic feature of the ignition process lies 
in the fact that the ignition occurs at separate sites of surface at uniform tempera-
ture of the reactor surface. Therefore, combustion originates on the surface of the 
reactor even under conditions of almost homogeneous warming-up of a flammable 
gas mixture. It was found that the qualitative model based on the reactive compress-
ible Navier–Stokes equations allows obtaining both the mode of the emergence of 
primary ignition centers on the wire followed by a local ignition and the mode of a 
dark catalytic reaction of the consumption of the initial reagent. 

It was shown experimentally that the ignition temperature of the 40% H2 + air 
mixture over metallic Pd (70 °C, 1 atm) was ~200 °C lower than over the Pt surface 
(260 °C, 1 atm). In addition, Pd wire initiates the ignition of (30–60% H2 + 70– 
40% CH4)stoich + air mixtures; Pt wire of the same size cannot ignite these mixtures 
at reactor temperatures below 450 °C. This means that Pd wire is more effective in 
initiation of the ignition than Pt wire. The cellular structure of the flame front during 
ignition in the presence of Pd wire was not observed in contrast to the results obtained 
on the Pt surface. Therefore, Pd is more suitable than Pt for hydrogen recombiners in 
nuclear power plants (NPP) because the catalytic particles do not appear in the gas 
phase. The experimental value of the effective activation energy of the process was 
estimated as (3.5 ±1) kcal/mol, which is characteristic of surface processes. This 
indicates the significant role of the dark reaction of H2 and O2 consumption on the 
Pd surface observed directly at low pressures. The presence of this reaction reduces 
the probability of accidental explosion compared to the Pt surface. It was found that 
in the presence of leucosapphire, there was no system of emission bands of H2O* 
in the range 570–650 nm, and a possible explanation of this effect was given. The 
appearance of an additional source of excited water molecules emitting in the range 
900–970 nm was explained. 

It was experimentally shown that the temperature of the catalytic ignition limit 
over Pd at P = 1.75 atm, measured with a bottom-up approach by temperature, of 
the mixtures 30% methane + 70% hydrogen + air (θ = 0.9, T = 317 °C) and 30% 
propane + 70% H2 + air (θ = 1, T = 106 °C) markedly drops after subsequent 
ignitions to T = 270 °C for H2–CH4 mix and to T = 32 °C for the H2–C3H8 blend. 
Equivalence ratio θ is a fraction of fuel in the mix with air: θH2 + 0.5 (O2 + 3.76 N2). 
The ignition limit returns to the initial value after treatment of the reactor with O2 

or air; i.e., a hysteresis phenomenon occurs. The ignition limit of the mixtures 30% 
(C2, C4, C5, C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, 1.2, correspondingly) over Pd 
amounts to 25–35 °C at P = 1.75 atm; the hysteresis effect is missing. It was found
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that the lean 30% C2H6 + 70% H2 + air mix (θ = 0.6) shows the lowest temperature 
of the ignition limit: 24 °C at 1 atm. The estimate of the effective activation energy 
of the ignition of the mixes over Pd is ~2.4 ±1 kcal/mol that is characteristic of 
a surface process. Thus, the usage of Pd catalyst allows igniting H2–hydrocarbon 
mixtures at 1–2 atm at initial room temperature without external energy sources. It 
was shown experimentally that the ignition temperature of the 40% H2 + air mixture 
over metallic Pd (70 °C, 1 atm) was ~200 °C lower than over the Pt surface (260 °C, 
1 atm). In addition, Pd wire initiates the ignition of the (30–60% H2 + 70–40% 
CH4)stoich + air mixtures; Pt wire of the same size cannot ignite these mixtures at 
reactor temperatures below 450 °C. This means that Pd wire is more effective in 
initiation of ignition than Pt wire. 

It was found that the ignition temperatures of hydrogen–oxygen and hydrogen– 
methane–oxygen mixes at low pressure over heated Pd, Pt, Nichrome and Kanthal 
wires at 40 Torr increase with a decrease in H2concentration; only a heated Pd wire 
shows the pronounced catalytic action. Numerical calculations allowed revealing the 
role of an additional branching step H + HO2→2OH. 

The peculiarities of ignition of premixed stoichiometric n-pentane-air mixtures 
were studied in a rapid mixture injection static reactor in the presence of metallic Pt 
and Pd in the region of negative temperature coefficient (NTC). It is shown that in 
the absence of noble metals, thermoacoustic oscillations occur within NTC region. 
However, in the presence of Pt catalyst surface, which reacts with oxygen at the flame 
temperature and generates catalytic centers propagating into volume, thermoacoustic 
regimes of thermal ignition disappear. In other words, the catalytic Pt surface elimi-
nates a certain inhibition stage of kinetic mechanism after the occurrence of the cool 
flame and NTC phenomenon vanishes; the stage may be, e.g., the decomposition 
of some intermediate slow-reacting peroxide on Pt surface with the formation of a 
more reactive radical. In the presence of the catalytic surface (Pd), which does not 
react at the flame temperature and does not generate catalytic centers propagating 
into volume, NTC phenomenon occurs. 

Thus, the detected regularities must be taken into account in numerical simu-
lations of NTC phenomenon. In other words, thermoacoustic oscillations and NTC 
phenomenon must both disappear in calculations after excluding a certain reaction or 
a series of reaction steps from the mechanism. The step must include the superficial 
reaction of an active intermediate of combustion on Pt surface, in which more active 
intermediates are formed from a low-active one. 

It was found that the ignition delay (induction) period during the combustion of 
(70–40% hydrogen + 30–60% propane) + air mixtures over palladium at a total 
pressure of 1–2 atm first decreases with a decrease in temperature and then increases 
until the ignition limit is reached, i.e., the NTC phenomenon in catalytic combustion 
occurs. The effective activation energy E of the process is 2.2 ±1 kcal mol–1 that is 
characteristic of a surface process. Therefore, the NTC phenomenon detected in this 
work is closely related to the surface state of Pd. In the sample treated with ignitions, 
defects in the form of holes were found, which are focused on the etching patterns 
with active intermediates of the process. In this process, PdO particles are formed 
during the oxidation of the Pd surface and decompose to Pd and O2 at the temperature
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of flame products. Thus, Pd is consumed in the chemical etching reaction with active 
combustion intermediates. It should limit the applicability of palladium in ignition 
devices. 

It was shown that at total pressures up to 200 Torr, the catalytic ignition areas over 
the Rh and Pd surfaces are larger for 2H2 + O2 mixtures than for (H2 + CH4)stoich 
+ O2 and (H2 + C4H8)stoich + O2 mixtures; the mixtures containing more than 
50% hydrocarbons do not ignite. This behavior is directly related to the formation 
of a carbon-containing film on the noble metal surface. The fuel in the mixtures 
is consumed in a dark reaction. In the case of the synthesis of carbon nanotubes 
by this method, the noble metal plays both the role of a catalyst for the growth of 
nanostructures and a heating element; for this, the presence of hydrogen and oxygen 
in the gas mixture is necessary. It has been shown that the dark reaction in (80% H2 

+ 20% C4H8)stoich + O2 mixture leads to the formation of carbon nanotubes with a 
mean diameter in the range of 10–100 nm. 

It was shown that in the reactor, treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. The 
result indicates the potential of using rhodium catalyst to markedly lower the ignition 
temperature of the fuels based on hydrogen–methane mixtures. 

The critical condition for volume reaction is experimentally revealed. The volume 
process occurs at 45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a 
slow surface reaction occurs; this phenomenon is qualitatively described by our 
calculations. It was revealed that the effective activation energies both of “upper” and 
“lower” limits of H2 +methane oxidation over the range of linearity are roughly equal 
(2.5 ± 0.6) kcal/mol; it means that the key reactions, responsible for the occurrence 
of “upper” and “lower” ignition limits, are almost certainly the same. It was shown 
that for Rh/Pd catalyst, the chain development process has most likely heterogeneous 
nature because the effective activation energy is < 3 kcal/mol. 

Rh has been found to be a more effective catalyst than Pd for the studied combus-
tion processes. The effective activation energies of catalytic ignition depend not only 
on the nature of the catalyst, but also on the chemical nature of the hydrocarbon in 
the mixture. Thus, catalytic ignition is initiated by exothermic surface ignition of 
hydrogen oxidation reaction in the presence of catalyst, hydrocarbon on the surface 
is consumed in reactions involving hydrogen oxidation intermediates that do not 
lead to branching of chains, and then the combustion propagates into volume. It 
was found that in a reactor not treated with ignition, the ignition temperature of 
the mixture of 70% H2 + 30% methane-air above the Pd surface at a pressure of 
1.75 atm is 310 °C and above Rh surface—105 °C. In the ignition-treated reactor, the 
ignition temperature of this mixture above the Pd surface at a pressure of 1.75 atm 
is 270 °C and above the Rh surface is 62 °C. The obtained result also indicates the 
prospect of using rhodium catalyst for lowering the ignition temperature of methane 
and hydrogen-based fuels. 

It was shown that under conditions of our experiments not the chemical nature of 
the catalyst but that of C2 hydrocarbon in the mix with H2 is the determining factor of 
catalytic ignition. The catalytic ignition limits of synthesis gas over Rh/Pd are qualita-
tively different from the dependencies for combustible hydrogen-hydrocarbon fuel.
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The “lower” catalytic limit dependence has a distinct maximum, which indicates 
a more complex mechanism of the catalytic process; Arrhenius dependence of ln 
[H2]lim on 1/T could not be applied. Therefore, the interpretation of the “upper” and 
“lower” limits of catalytic ignition given in the literature should be clarified. The 
relatively long delay periods of catalytic ignition of hydrogen—n-pentane mixes 
(tens of seconds) and the absence of the dependence of the periods on the initial 
temperature allow us to conclude that the catalytic ignition of hydrogen—n-pentane 
mixes is determined by the speed of transfer of the hydrocarbon molecules to the 
surface of the catalytic wire. 

Thus, in the oxidation of hydrogen-hydrocarbon blends for “short” hydrocarbons, 
the main factor determining catalytic ignition is the oxidation reaction of hydrogen 
on the catalytic surface. With an increase in the number of carbon atoms in the 
hydrocarbon, the factors associated with the chemical structure, that is, the reactivity 
of the hydrocarbon in catalytic oxidation, begin to play a significant role; and then 
the oxidation rate is already determined by the speed of transfer of the hydrocarbon 
molecules to the catalyst surface. 

It was shown that the ignition limits of 2H2 + O2 and (80%H2 + 20%CH4)stoich 
+ O2 mixes over Pt wire do not depend on the applied voltage without discharge up 
to 1200 V. It was shown that for (80%H2 + 20%CH4)stoich + O2 mix, the application 
of an electric field (1200 V) leads to the disappearance of Pt-containing particles 
formed by decomposition of volatile platinum oxide in gas phase from the reaction 
volume, which indicates that these particles are charged. This may be due to the 
chemiionization phenomenon observed in the combustion of hydrocarbons. It was 
shown that in combustion of (80%H2 + 20%CH4)stoich + O2 mix, carbon nanotubes 
practically do not form as distinct from combustion of (H2 + C4H8)stoich + O2 mix. 

It was established that an exemplary flame propagation process in a conditional 
room containing an indoor space with two openings and a flammable material 
inside shows a wide variety of combustion modes depending on the geometry of 
this complex volume. The preliminary numerical calculation of the expected flame 
propagation patterns may not always be successful. Thus, a real experiment under 
laboratory conditions, assuming the possibility of scaling the process, seems to be 
the most informative one. 

It was shown that under certain conditions, Pt catalyst can suppress combustion 
and thereby show the opposite effect due to the high efficiency of Pt surface coated 
with a Pt oxide layer in the reaction of chain termination. Therefore, kinetic factors 
could be determining ones even under conditions of high turbulence. 

The value of effective activation energy of the dark reaction of H2 oxidation over 
Pd is evaluated as E = 4.1 ±1 kcal/mol that is characteristic of a surface process. 
The value is close to one determined in the literature for the temperature dependence 
of H2 fraction at the ignition limit over Pd surface in mixtures with O2, which is 
equal 3.5 ±1 kcal/mol. It was shown that the rate of chain termination determines 
the value of the critical diameter for flame penetration through Pt or Pd cylinders;
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the efficiency of Pd surface in chain termination reaction is much greater than 
that of Pt. Therefore, the action of noble metals on the processes of hydrocar-
bons oxidation is an effective tool to identify important reaction sets in their kinetic 
mechanism. 
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Chapter 1 
Introduction 

Abstract It is shown that the gaseous process, called self-ignition (although in fact 
it is thermal ignition), proceeds heterogeneously in space and its regularities are 
determined not only by the initial temperature of the flammable gas, but also by 
the material and the state of the surface (the presence of defects or action of cata-
lysts, which initiate primary active centers). This means that classical models that do 
not take into account surface heterogeneity and gas-dynamic features of the prop-
agation of the reaction front, do not describe even qualitatively the emergence and 
development of the process of thermal ignition and should at least be supplemented. 

Keywords Platinum · Hydrogen · Combustion · Heterogeneous · Nonuniform ·
Self ignition · Ignition limits 

These were times when neither mobile phones nor computers had yet been invented, 
the ideas about greenhouse gases and global warming did not occur to anyone, 
scientists devoted their work to sponsors—dukes and conts, but they (the scientists) 
could say completely sincerely “I love science more than money”. 

By the beginning of the nineteenth century, the most important physical properties 
of platinum had become well understood and formed the basis for several different 
applications, but one of its main properties namely its remarkable catalyst function 
had yet to be discovered. In 1818, Sir Humphrey Davy, who was asked to study 
protective lamps in coal mines, discovered that methane and oxygen on hot platinum 
wires could emit a significant amount of heat in the dark reaction [1]. It could be 
said that in fact both Humphrey Davy and his cousin Edmund made preliminary 
reports on the effect of platinum on the oxidation of methane and alcohol, but neither 
of them sought to interpret their results in any detail [2]. However, in Germany, 
this topic was taken up by Döbereiner, whose study of the effect of platinum on 
hydrogen became the key to the discovery of the phenomenon of catalysis. Johann 
Wolfgang Döbereiner was born in 1780 in Hof an der Saale, Bavaria. Initially, he 
intended to pursue a career in real estate management, but instead, at the age of 14, 
he got a job at a local pharmacy. After completing a three-year apprenticeship, he 
embarked on a five-year journey that included periods of careful informal study of 
chemistry and mineralogy in Karlsruhe and Strasbourg. A series of pharmaceutical 
and technological works followed, each of which increased his scientific experience
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2 1 Introduction

and reputation, but none provided financial security. Indeed, by 1810 he found himself 
unemployed, in debt and with a large family to support. He was saved from this 
predicament by the offer of the Department of Chemistry and Technology at the 
University of Jena. Jena was located in the land of Saxe-Weimar, whose ruler, Duke 
Karl August, was considered a very enlightened patron of both art and science. He 
was acutely aware of the practical value of science for his staff, and when searching 
for a candidate for the department, he indicated a person with “scientific genius with 
practical flair”. Döbereiner immediately responded to his offer. In addition to his 
official duties as a professor, he served as a consultant on a wide range of issues, 
added the post of inspector of mines to his portfolio and in 1820 was appointed a 
privy councilor. Always a practical man, Döbereiner in his will ordered that his body 
be buried without a coffin and that two fruit trees be planted on the grave “so that 
the products of the decay of my corpse may turn into organic matter and appear in 
another guise in new life”. 

Karl August brought Goethe to Weimar in 1775, and a close relationship was 
established between the three men. Karl August and Goethe provided Döbereiner 
with the best conditions the state could afford; Döbereiner, for his part, remained in 
Jena for the rest of his life, despite offers of more lucrative and prestigious chairs as 
his reputation grew. Carl August became godfather to two of Döbereiner’s children 
and Goethe to one. Goethe once wrote a poem for Döbereiner when he was ill, and 
another of his poems preceded Döbereiner’s book about his platinum research. After 
Döbereiner’s death in 1849, a statue was erected in the city of Jena in his memory. 
In addition to his extensive work in applied chemistry, Döbereiner’s reputation now 
builds on three aspects of his career. He was a very successful teacher and a few 
years before, despite considerable personal expenses, conducted courses in practical 
experimental chemistry some years before Liebig’s more famous courses at Giessen. 
Secondly, during the 1820s he developed his theory of “triads”, an early predecessor 
towards the Periodic Table. And thirdly, there was his important pioneering work on 
platinum catalysis. 

The precursor to Döbereiner’s work on platinum is to be found in Humphry 
Davy’s researches related to the miner’s safety lamp. Davy discovered that a spiral 
of platinum wire near a lit wick in a lamp would catalyze the ongoing oxidation of 
coal gas (methane) with sufficient force to incandescent after the wick goes out. At 
least, that’s how his experiment could be described now; but at that time Davy was 
most interested in the nature of combustion and safety in mines. He recognised that 
the addition of the platinum spiral was a useful modification to the miner’s lamp, 
but of the phenomenon he had observed, he simply remarked that it was “more like 
magic than anything I have seen … it depends upon a perfectly new principle in 
combustion” [2]. 

Humphry’s cousin Edmund Davy, working at the Cork Institution, was then 
carrying out a series of researches on the chemistry of platinum. In the course of 
this, he found that platinum sulphate could be reduced by alcohol to platinum in 
finely divided form. The platinum powder, which Davy observed, reacted strongly 
with alcohol vapour at room temperature, remaining white hot until all the alcohol 
was consumed. “This mode of igniting metal”, he remarked, “seems to be quite 
a new fact in the history of chemistry; but the means of keeping it in a state of
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ignition is only another illustration of the facts previously pointed out by Sir H. 
Davy” [3]. Edmund Davy’s article was published in a German translation in 1821, 
and Döbereiner immediately began to repeat his experiments. The context, however, 
was crucially different. Döbereiner was then interested in the chemistry of alcohol, 
not platinum, so he emphasized not so much the glow of platinum powder as its 
ability to induce the oxidation of alcohol to acetic acid. He explained this ability 
in terms of the platinum electrochemically activating the alcohol towards reaction 
with oxygen. He also noted that the platinum was not used up by the reaction but 
could “be used again to acidify fresh, perhaps limitless, quantities of alcohol;—a 
circumstance which permits its use for the large-scale preparation of acetic acid” 
[2]. In the event, Döbereiner did get as far as designing an “Essiglampe”, but did not 
exploit the reaction commercially. 

Döbereiner published his results in 1822. He spent Christmas that year with 
Goethe in Weimar and, among other experiments, demonstrated to him the effect 
of Edmund Davy’s platinum powder on alcohol. He continued to work on the prop-
erties of that powder during the winter, investigating also the properties of a form 
of finely divided platinum produced by ignition of ammonium chloroplatinate and 
extending the range of gases and vapours studied to include hydrogen. 

The experiments that finally caught the imagination of the scientific world were 
carried out in the summer of 1823. Döbereiner prepared some platinum powder 
by ignition of ammonium chloroplatinate and exposed it to hydrogen. As he had 
expected, nothing happened. He then admitted some air to the hydrogen, and “there 
now followed in a few moments that strange reaction: the volume of the gases dimin-
ished and after ten minutes all the oxygen in the admitted air had condensed with 
the hydrogen to water” [2]. Substitution of pure oxygen for the air made the reaction 
vigorous enough to char the filter paper holding the platinum powder. 

Döbereiner was so taken by the experiments that he repeated them “at least thirty 
times” that day, and “always with the same result”. He proposed a mechanism anal-
ogous to that used in his 1821 experiments on the oxidation of alcohol: “The entire 
phenomenon must be regarded as an electrical one, whereby the hydrogen forms an 
electrical chain with the platinum”. He quickly sent a report on his work to Goethe 
and the editors of three scientific journals; it was published a month later (the speed 
of publication, which modern information technology does not seem to be able to 
match). Then Döbereiner created an even more spectacular version of his experi-
ment. Instead of the previous static arrangement, he directed a fine jet of hydrogen at 
the platinum from a distance of 4 cm, so that it was mixed with air before reaching 
its target. This had the effect of making the platinum immediately white hot and 
igniting the hydrogen jet. More excited letters were dispatched, commenting that 
“this experiment is most surprising and amazes every observer when one tells him 
that it is the result of a dynamic interaction between two types of matter, one of which 
is the lightest and the other the heaviest of all known bodies” [2]. 

In a small book published in October 1823 and dedicated to Carl August, in which 
he summarised his summer’s experiments, Döbereiner suggested that the mechanism 
was “probably of a quite special nature, i.e. neither mechanical nor electrical nor 
magnetic” [4].
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Döbereiner’s work caused “a great sensation and excited the liveliest interest” 
in Paris, according to Liebig who was studying there at the time. French chemists 
Tenard and Dulong, who had previously investigated the decomposition of ammonia 
by heated metals and hydrogen peroxide, started working immediately; by September 
15, they were able to submit to the Academy of Sciences a document extending 
Döbereiner’s work to other forms of platinum and other metals [2]. Further papers 
followed, but the nature of the phenomenon remained obscure. On 29th November 
Liebig wrote to Döbereiner that, at a dinner for a group of leading scientists, “your 
beautiful and as yet inexplicable discovery was discussed in the most glowing terms”. 
In the same letter, serious, albeit tactful, reservations were expressed regarding the 
mechanism originally proposed by Döbereiner. 

News of Döbereiner’s work reached England via a letter from the French chemist 
J.N.P. Hachette to Michael Faraday. By the end of September, Faraday repeated the 
experiment and in his laboratory journal unequivocally attributed this phenomenon 
to the adsorption capacity of fine platinum. At that time he could not continue his 
research, but ten years later he returned to this topic with great success. Other English 
chemists have also conducted experiments to study this phenomenon. Thus, Döbere-
iner’s experiments aroused great interest and prompted many chemists in different 
countries to conduct further research. This was reflected in a brief overview of the 
events of the year prepared by the Swedish chemist Jöns Jakob Berzelius. In 1821 
Berzelius had taken upon himself the monumental task of reviewing the advances of 
physical science during the previous year and presenting them in a series of annual 
reports. These owed their siderable influence to the fact that they were also published 
in German translation, initially by C.G. Gmelin and then by Friedrich Wöhler. 

When writing his review of 1835, Berzelius was able to reflect on a wide variety 
of experimental and theoretical researches that had what he realised was a simple 
phenomenon in common [2]. He gave this phenomenon the name “catalysis”, empha-
sizing at the same time that this name is intended to identify a specific phenomenon, 
and not to give a single explanation (the action of the “catalytic force”) for all cases 
of this phenomenon. Döbereiner immediately turned his discovery to practical ends. 
One of those ends was eudiometry: he was able to demonstrate its value in eudiometry 
at the Halle conference, and Michael Faraday was using it routinely for this purpose 
by the end of the year. He also used platinum to prepare sulphuric acid by catalytic 
oxidation of sulphur dioxide to sulphur trioxide, independently of Peregrine Phillips 
who patented the process in England in 1831, but he did not establish the technique 
on a large scale. 

Indeed, the application most associated with Döbereiner is the lighter. Like 
Humphrey Davy with his protective lamp, Döbereiner refused to patent his inven-
tion, published all the designs and rejected a major proposal of an Englishman named 
Robinson for monopoly rights with the words “I love science more than money” [5]. 
By 1828 about 20,000 Döbereiner lighters were in use in England and Germany 
alone, and it eventually found its way into most European countries. In spite of the 
invention of the safety match in 1848 by one of his former students, R.C. Böttger, the 
Döbereiner lighter was still in use at the beginning of the First World War. The part 
of its attraction lay in the scope it offered to the imaginative decorator: Döbereiner 
himself suggested that one could “embellish it with two alchemical symbols, namely
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the lion and the snake, and so arrange it that the snake takes the place of the capillary 
tube for the stream of hydrogen and the open jaws of the lion sitting opposite the 
snake hold the platinum” [6]. 

Currently, the field of application of noble metals is so wide that it is not possible 
to outline it within the framework of one monograph. Below we will consider the 
studies that are most closely related to the issues discussed in this book. 

It is evident that the various challenges in the safety of producing, transporting and 
storing hydrogen supplies need to be addressed before widespread use of hydrogen as 
fuel. One of the main problems is accidental ignition, since hydrogen has much wider 
flammability limits than most conventional fuels [7]. One of the typical sources of 
ignition is a hot surface. Thus, it is quite urgent to be able to prevent conditions, under 
which the ignition can occur, when a hydrogen-oxidizer mixture contacts with a hot 
surface. As is known, the hydrogen-air mixture entering the combustion chamber 
is susceptible to pre-ignition when it contacts a hot surface, such as the primary 
inlet valve. It is difficult to ignite hydrogen-air mixture by compression, and some 
additional ignition assist, for instance a glow plug, is required [8]. Therefore, it is 
clear that the design of the engines requires information about hot surface ignition. 

The catalytic combustion of hydrogen is of noticeable interest because it is used 
in the boilers that operate at relatively low temperatures and can generate heat for 
household applications without CO2 and NOx emissions [9]. For hydrogen combus-
tion process, the catalysts should possess both, oxygen storage capacity and thermal 
stability; these should provide that hydrogen oxidation should occur without explo-
sion. That can be achieved using noble metals, which have high adsorption capability 
of hydrogen and oxygen at low temperatures [10]. 

Catalytic converters are applied in exhaust gas treatment system in automobiles 
and trucks; these utilize the oxidation to reduce toxic emissions. In order to stimulate 
the oxidation, noble metals such as Pt, Rh, Ru and Pd are used as catalysts. Pt based 
catalysts are not effective enough with methane; however, Pd catalyst provides higher 
methane conversion [11]. The peculiarities of catalytic action of noble metals have 
been under discussion. Noble metals affect the flammability of hydrogen–methane 
blends differently. For instance, we have earlier shown that the ignition temperature 
of the mixture 40% H2–air over Pd Metal (70 °C, 1 atm) is ~ 200° less than over the 
Pt surface (260 °C, 1 atm) [12]. In addition, Pd ignites stoichiometric mixes (30 ÷ 
60% H2 + 70 ÷ 40% CH4) + air [θ = 1, equivalence ratio θ is a fraction of fuel 
in the mix with air: θH2 + 0.5 (O2 + 3.76N2)]; metallic Pt cannot ignite these up 
to 450 °C, i.e. Pd is more effective than Pt. We have also shown that the cellular 
structure of a flame front at ignition with Pd is not observed in contrast to Pt surface 
(see Chap. 2). Thus, Pd seems to be more usable for hydrogen recombiners in NPP, 
because no catalytic particles as ignition centers formed by decomposition of volatile 
oxide can appear in gas phase in contrast to Pt [13]. The experimental value of the 
effective activation energy of catalytic ignition over Pt is ~ 18 kcal/mol and is close 
to one of H + O2 branching step [7]; the value over Pd is ~ 3.5 kcal/mol that is 
characteristic of surface processes [12]. It indicates the noticeable role of the dark 
reaction of consumption of H2 and O2, also referred to as “flameless combustion”, 
which is observed at low pressures [14]. The occurrence of that reaction reduces the 
probability of an accidental explosion. All above listed works will be detailed below.
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A number of experimental investigations have been performed to study the 
hydrogen ignition by a hot surface. Williams et al. [15] proposed a model for the 
catalytic combustion of hydrogen at high temperatures. Warnatz and coworkers [16] 
studied the catalytic combustion and ignition of hydrogen using detailed kinetic 
mechanisms for both surface and gas-phase reactions. Deutschmann et al. [17] 
studied the ignition of different fuels on different catalyst materials. They showed by 
numerical calculations that one or the other reactant almost covers the surface before 
ignition. It is clear that the detailed mechanisms of catalytic reactions involving noble 
metals at this level of scientific development are purely illustrative in nature and the 
numerical results obtained by the authors are devoid of the field of application. In a 
series of experiments with very thin catalytic wires, Rinnemo et al. [18] determined 
the critical ignition temperature of hydrogen–oxygen mixtures as a function of the 
mixture ratio. Kalinchak et al. [19] presented an analysis for the catalytic ignition 
using a simplified model for the heterogeneous chemistry. The results in addition to 
the fact that quantitative calculations have only conditional value, reveal a lack of 
universality of the ignition temperature concept and the need for a more profound 
understanding of the problem, because experimental features of hydrogen ignition 
over noble metals remain unsufficiently studied. 

It is known that hydrogen and deuterium form binary intermetallic 
hydrides/deuterides with palladium, thus, the features of ignition over the surfaces 
of hydrides of noble metals have been a subject of investigation in this work. Unlike 
many known metallic hydrides, very little macroscopic deformation of the palladium 
lattice occurs, and the mechanical properties of the hydride are very similar to those 
of pure metal. There have been almost 150 years of active research into the palla-
dium hydride/deuteride system up to now. Numerous literature reviews have been 
published on the system [20]. In the middle of the last century, the first diffraction 
patterns of β-PdH and β-PdD were recorded [21]. There is the “inverse isotope effect” 
observed [22] whereby heavier hydrogen isotopes have a higher critical temperature 
at similar H/D/T loading. Similar “inverse isotope effects” can also be found in the 
rate of diffusion of hydrogen isotopes through the palladium lattice. At low temper-
atures, hydrogen isotope exhibit an “inverse isotope effect” (where heavier isotopes 
diffuse faster than their lighter counterparts). 

According to the above, the present book focuses on experimental studies of 
hydrogen and deuterium combustion over Rh, Ru, Pd and Pt metals in order to 
establish the dependencies of catalytic ignition limits over noble metal surfaces on 
temperature and to indicate the governing factors of the problem of gas ignition by a 
catalytic surface. A macrokinetic study of the chemical properties of the two lighter 
hydrogen isotopes (protium and deuterium) dissolved in rhodium and palladium, 
namely the study of the influence of hydrides and deuterides of noble metals on 
hydrogen and deuterium combustion, is performed. 

In this regard, it is curious to note the existence of a rather scandalous problem 
of “cold fusion” raised in [23]. The article introduced the possibility of room-
temperature fusion during electrolysis with a palladium cathode in a LiOD/D2O 
electrolyte solution. The article [24] published in Nature 30 years later summarizes 
the substance of the problem. The authors state that, really, the 1989 claim of ‘cold 
fusion’ was publicly heralded as the future of clean energy generation. However,
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subsequent failures to reproduce the effect heightened skepticism of this claim in 
the academic community, and effectively led to the disqualification of the subject 
from further study. Motivated by the possibility that such judgement might have been 
premature, the authors [24] embarked on a multi-institution program to re-evaluate 
cold fusion to a high standard of scientific rigor. In [24], the efforts described, which 
have yet to yield any evidence of such an effect. Nonetheless, a by-product of the 
investigations has been to provide new insights into metal hydrides and low-energy 
nuclear reactions, and the authors contend that there remains much interesting science 
to be done in this underexplored parameter space. 

One of the major concerns over economic growth and social development nowa-
days is the constantly increasing energy demand [25]. The study of U.S. Energy 
Information Administration has forecasted an increase of 28% in the world’s energy 
consumption from 2015 to 2040 [26]. While there is a constant progress year by 
year for the development of renewable energies, the use of fossil sources (petroleum, 
coal and natural gas) is still dominant, and remains indispensable in the near future 
[27]. Among the fossil energy resources, the natural gas presents a particular interest 
because of its higher energy content (55.7 kJ g−1 if fully based on methane as its 
main component) than coal (39.3 kJ g−1) and petroleum (43.6 kJ g−1) as well as  
its reduced CO2 emission (50% less than coal and 30% less than petroleum). More-
over, the proven natural gas reserves worldwide are abundant, reaching about 193.5 
trillion cubic meters at the end of 2017 [28]. As a result, natural gas has accounted 
for the largest increment (24%) in the main energy consumption in the past decade 
until 2017, and has been suggested as a substitute for oil and coal as a future leading 
energy source for the next 20 years [29]. In response to this, there is a rapidly 
growing number of research and development efforts yearly on the deployment of 
natural gas for their use in various sectors including industrial, residential, power, 
transport and many others [30]. Besides the natural gas fields, the synthetic natural 
gas (SNG) can also be derived from coal gasification, CO2 methanation and biomass 
gasification/digestion [31, 32]. 

The conventional flame combustion of natural gas occurs typically at above 
1400 °C and releases harmful pollutants (such as NOx, CO and polyaromatic hydro-
carbons). The impact of NOx on human health (respiratory diseases) has been widely 
recognized [33]. Its emission also has harmful environmental impacts including the 
formation of photochemical smog and acid rain [34]. 

It may be discovered that as compared to the conventional flame combustion, the 
presence of catalysts enables a decrease in the working temperature (<1400 °C). 
Depending on the target application, the operational temperature for catalytic 
methane combustion can be further divided into a relatively lower range (about 
300–700 °C) and a relatively higher one (about 700–1400 °C). The low-temperature 
catalytic methane combustion becomes more attractive due to the remarkable abate-
ment of pollutant emissions and the prolonged catalyst lifetime. For instance, the 
reusability and the reproducibility of catalysts, especially for noble metal catalysts, 
are shortened at high temperatures. In this field, developing catalysts with high 
catalytic activity, low light-off temperature and good thermal stability even for such 
low temperature operations is still a challenging issue. A great number of researches 
have been devoted to catalyst development [35, 36] and reactor design [37–39] for



8 1 Introduction

catalytic methane combustion. Noble metal catalysts (e.g. Pt, Pd and Rh) have been 
widely investigated owing to their high catalytic activity. Most reported studies of 
catalytic oxidation employ supported Pt and Pd [40–45], where the support is mainly 
a more accessible metal oxide such as aluminium oxide [46–49], cerium oxide [50, 
51], and silicon dioxide [52] or metal such as nickel [53], and zirconium [54, 55]. 
While such configurations are relevant for practical applications, they come with 
the complexity of the role played by the support and uncertainty of mechanisms 
explaining the interchanging reactions between noble metals, support, and gaseous 
reactants. Only a handful of papers are reported for pure unsupported noble metals 
reacting with a limited range of hydrocarbon fuels [56]. This book also deals with 
the problem. 

In this regard, it is worth mentioning the possibility of a transition to green energy, 
which implies the abandonment of conventional hydrocarbon fuels, and which boils 
down to the fact that emissions from human activities pollute nature and must be 
dealt with. The main argument against this untimely transition is the fact that the 
humanity does not possess sufficiently powerful sources of energy (except for nuclear 
weapons, which will hopefully not be used for any purpose) to influence the climate. 
Such campaigns are usually born in the offices of corrupted officials and are asso-
ciated with the money laundering on such projects. A good illustration of this is the 
campaign to ban chlorine-containing freons that allegedly destroy the ozone layer, 
which ended with the signing of the Montreal Protocol. To substantiate this dubious 
claim, Rowland and Molina published unconvincing kinetic schemes and in order to 
dispel all doubts, they were given the Nobel Prize. However, despite the ban, the ozone 
gap over Antarctica found in 1985 remains now almost as large as it was when the 
Montreal Protocol was signed in 1987. It is excessive to note that the global industrial 
factories and, especially, refrigeration units, are missing in Antarctica. However, the 
production of widely used chlorine-substituted halons such as promising combus-
tion inhibitor and a coolant dufluorodichloromethane was stopped and essentially 
there was a replacement of one generation of freons with another one in the inter-
ests of certain American business groups. Really, for consumers it led to a significant 
increase in the cost of the equipment and prices for installation and service works [57]. 

In a similar vein, the imposition of hydrogen energy occurs, and the fact that 
conventional fuels are fossil ready-made fuels and hydrogen is a product that requires 
significant costs to obtain it is taken out of consideration [58]. According to Ref. 
[35], the decades-long increase in the average temperature of the Earth’s surface, 
which is associated with anthropogenic emissions of greenhouse gases, primarily 
CO2, into the atmosphere, is stimulating interest in the wider use of “carbon-free” 
energy sources, in particular, hydrogen. However, hydrogen is not a primary source 
of energy, but only an energy carrier, and the transition to “hydrogen energy” is asso-
ciated not only with high capital and operating costs for its production, but also with 
significant additional consumption of fossil resources and, accordingly, additional 
CO2 emissions into the atmosphere. Therefore, the global positive environmental 
and economic impact of such a transition is not obvious. 

This book focuses on lowering the combustion temperature of hydrocarbons not 
only with noble metal catalysts, but also with hydrogen additives. At the same time, 
the issues of chemical mechanisms and gasdynamic factors in the oxidation of fuels
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on the catalyst, the catalytic ignition areas for Pt, Pd, Ru and Rh, the identification of 
the most effective catalyst for the use in hydrogen recombinators, the applicability 
of noble metals for the synthesis of nanotubes are touched upon. The book also 
discusses the modes of spatial development of gas ignition on the catalytic surface 
and the possibility of synthesis of nanotubes on the catalyst surface associated with 
these modes when using hydrogen–hydrocarbon gas mixtures. 

We will linger in more detail on some of the listed above issues. 
It should be noted that the vast majority of gas phase combustion reactions 

has branched chain nature. It is determined by fundamental chemical laws. In the 
branched chain reaction, active particles, namely free radicals, are produced, the 
number of which grows quickly, it is called the branching of the chain. It is therefore 
enough for one single free radical to be produced (for example, thermally) for the 
radicals to multiply, which leads to a rapid reaction of the chain ignition type. Heat 
evaluation accelerates chain branching and vice versa, this feedback plays a marked 
role, even in close proximity to concentration combustion limits [59]. 

In the case of the chain explosion there are two possibilities: 

(1) the rate of branching exceeds that of active particles termination, which results 
in very rapid development of the reaction chains; 

(2) the rate of termination is greater than that of branching, so that the chains 
cannot develop and the reaction cannot even take place (if, as is usual, the rate 
of free radical formation is quite low). For instance, phosphorous vapor may 
stay below the limit for days and in contact with oxygen without even a trace 
of reaction processes being observed. The transition from a completely inert 
state to a violent reaction (explosion) can easily be caused by, for example, 
increasing the pressure of the oxygen or the dimensions of the reactor etc. [60]. 
Similar limit phenomena were observed by Hinshelwood [61] in the case of 
pressures which exceed a certain “second upper limit” (e.g. in the case of the 
reaction of water formation of oxygen and hydrogen). The second upper limit 
was explained on a basis of the ideas put forward by Semenov and Hinshelwood 
regarding competition of the process of chain termination in the volume in the 
case of termolecular collisions and the process of chain branching. 

We draw the reader’s attention that, firstly, free radicals are chemically highly 
active particles and therefore react far more readily with molecules than molecules 
react with one another. Secondly, the free valence cannot disappear in the course of 
the reaction between a free radical and a molecule, which means that at least one 
product of the reaction is a free radical. This radical again reacts with the nearest 
molecule, so that another free radical is formed, and thus a long chain of changes 
can take place. Therefore, three cases are possible: 

(a) During the reaction between radical and molecule, a monoradical can form, 
which leads to the formation of an unbranched chain, e.g. 

.CH3 + CH3CHO → CH4 + .CH3CO 

.CH3CO → .CH3 + CO etc.
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(b) If the main chain of the reaction is unbranched but if, due to monomolecular 
breakdown of reaction products free radicals and, consequently, new chains can 
form, then it is usual to speak of a degenerate branching. As an example, we 
can consider formation of alkyl hydroperoxides: 

.R + O2 → .RO2 

.RO2 + RH → ROOH + .R 
ROOH → .RO + .OH 

(c) During the course of the reaction, instead of one free valence, three are formed; 
each valence starts a new chain. The result is the occurrence of a (rather 
simplified) branched chain reaction [62]: 

.OH + H2 = H2O + .H (k1); 
.H + O2 = .OH + .O. (k2) ; 
.O. + H2 = .OH + .H (k3); 

.H + wall = Hs(k4) chain termination; 
.H + O2 + M = .HO2 + M (k5); 

.HO2 + H2 = H2O2 + .H (k6), 

Reactions (1)–(3) correspond to the following overall process: 

.H + O2 + 3H2 → 2H2O + 3.H 

Notice that the hydrogen–oxygen system is an attractive object of study because 
its detailed reaction mechanism is well understood (in contrast, for example, to 
hydrocarbon oxidation), because it is the simplest realistic combustion system, and 
because of its potential role as fuel. 

In reaction (5), M is any particle that diverts excess energy from the relatively 
low-active HO2 radical, reactions of which at low temperatures and pressures lead 
mainly to the termination of reaction chains. Under these conditions, the proportion 
of HO2 entering the reaction (6) is small. At conventional combustion temperatures 
of H2 exceeding 1000 K, the branching rate of the chains realized in the reactions 
(1)–(3) exceeds the reaction rate (5), and even more so exceeds the rate of 
termolecular chain termination. 

Due to the branched-chain nature of H2 oxidation, the developing combustion can 
occur in different kinetic modes with different critical conditions. Branched-chain 
character of the process also determines its exposure to the impurities of substances, 
reacting with active intermediate particles to form products that are not able to partic-
ipate in the development of chains and, thus, lead to chain termination, to suppression 
of combustion. 

One of the features of hydrogen oxidation is the presence of three critical ignition 
pressures (so-called ignition limits), which form self-ignition area in P–T coordinates.
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The chain nature of the lower two limits is generally recognized (the reactions 4 and 
5 correspondingly). The nature of the third limit, covering pressures above 0.4 atm 
and increasing with a decrease in the initial temperature, is still being discussed. 
It can be seen from the reaction scheme, that the rates of branching reactions and 
development of chains (1)–(3) are proportional to the first degree of concentration 
of initial reagents. Fast reaction (5) is proportional to the square of their concen-
tration. Therefore, at these temperatures, above a certain pressure, the termolecular 
termination reaction (5) prevails over branching, and ignition is not possible. This is 
the second limit of self-ignition. Above 850 K, the second and third limits are not 
observed, since the reaction (6) plays a significant role, regenerating atomic hydrogen 
and thereby leveling the chain termination caused by the termolecular reaction (5). 

Let us illustrate aforesaid by a simplified example. 
As we stated, chain reactions take place through the formation of active particles. 

During a reaction, the amount of these particles may increase. First, active particles 
may be formed as a result of thermal motion, independently of the chain reaction, 
since reagent molecules may dissociate upon colliding with one another; the rate 
for this process can be high enough only for high temperatures. Second, branching 
of the chain may occur, that is, an elementary process involving one active atom 
or radical that yields two atoms (or free radicals). Branching always occurs due 
to the reaction energy. For example, the reaction H + H2 → 3H is possible from 
the standpoint of the material balance. However from the standpoint of energy this 
reaction it is not possible, but the reaction H + 3H2 + O2 → 3H + 2H2O, on the 
other hand, is possible. The rate of formation of active particles in this way, as is seen 
from above, is proportional to their concentration. The presence of a source of active 
particles is extremely important and determines the main features of chain kinetics. 
The appearance of active particles can initiate branching that is formation of multiple 
numbers of active particles if it is possible thermodynamically. Besides, always there 
are processes, which cause their loss. The rate of removal of active centers from the 
reaction by collisions with stable molecules or by diffusion to the vessel walls also is 
proportional to the concentration of active centers. When the rate of chain branching 
becomes greater than the rate of chain termination, there are explosion conditions; 
when the conditions do not exist, the explosion is impossible. Essentially, the same 
type of concept holds for thermal explosion (or thermal ignition). When the rate of 
thermal energy release is greater than the rate of thermal energy loss, the condition 
of explosion is realized. However, this is not the case for chemical catalysis by 
noble metals. The increase in the temperature of the catalytic wire in the hydrogen-
containing combustible mixture primarily leads to the formation of primary active 
centers on the wire that initiate combustion, which then spreads into the volume. A 
number of experimental evidence in favor of this statement is given below in this 
book. 

Thus, for our simplified model, the equation for the time variation of the 
concentration of active centers can be written in the form 

d[H]/dt = w0 + f.[H] − g.[H]
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w0 is the very small rate of origination of active centers from molecular reagents and 
f = k2.[O2] and g = k4 for heterogeneous chain termination or k5.[O2] for homoge-
neous chain termination on the second ignition limit [7, 60]. Writing f − g = φ we 
obtain d[H]/dt = w0 + φ .[H] Note that the rate of origination of active centers w0 is 
very small, so that in experiment we can hardly measure either change in the concen-
tration of active centers or heat of the reaction. A change in the external conditions 
(temperature, pressure) causes changes in both f and g. Since no activation energy is 
required for loss of an active hydrogen atom H the constant characterizing the forma-
tion of new active centers by chain branching typically have stronger temperature 
dependence than the rate of chain termination. Thus, the difference f − g changes 
sign as the temperature is raised. At low temperatures, it is negative and at high 
temperatures, it is positive. Thus, depending on the sign of f − g the type of solution 
changes drastically. The temperature, at which φ equals zero, is the critical tempera-
ture below which an explosion is impossible. These qualitative considerations explain 
the existence of an explosion region for an explosive mixture at fixed initial pressure 
when the initial temperature passes through a critical value corresponding to φ = 0. 

As we stated above, the nature of the third ignition limit of H2 + O2 self-ignition 
has been under discussion up to now. Below some relevant issues are highlighted and 
the results are presented, which show that the features of ignition of H2 in air in the 
area of the third ignition limit P3 depend not only on the mixture composition, but also 
on the material of reactor surface and on the amount of chemically active additive. It 
is established that the process of ignition of H2–air mixtures at atmospheric pressure 
begins with primary center occurrence on the most chemically active site of surface, 
which initiates flame propagation. In other words, the nature of the third ignition 
limit is determined by a number of factors, including the catalytic properties and the 
state of surfaces of both the reactor and other objects in the reactor. 

It is known that the data on spatial development of spontaneous ignition of 
combustible gases at contact with heated surface are of practical and scientific interest 
in connection with the use of hydrogen as fuel in engines and other power devices. 
Experimental investigations of ignition are performed, as a rule, in static conditions 
when the mixture under investigation is quickly transferred into a heated vacuumized 
reactor. Ignition of hydrogen (H2) at low pressures (<10 Torr) in heated reactor in the 
vicinity of the lower pressure limit is assumed to occur uniformly over reactor volume 
[60]. It is shown in [63] that uniform ignition of 2H2 + O2 mixture can be observed 
only for pressures < 10 Torr (at pressures lower than 10 Torr the experiments were 
not performed). With an increase in total pressure of gas mixture in conditions of 
quick gas transfer the time of warming up decreases, because the velocity of gas flow 
must be increased to obtain larger pressure in the reactor. By the time of completion 
of gas transfer, the medium forms in the reactor, in which different parts of the gas 
mixture have the different history of warming-up [64]. This serves to ignition of 
the gas mixture near heated reactor surface. It means that with pressure growth the 
problem on uniform ignition in heated reactor transforms into a problem on ignition 
with heated surface [65–68]. As is established in [68] ignition of stoichiometric and 
rich mixtures of propane and pentane with air at 1 atm in heated reactor begins with
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Fig. 1.1 a Spontaneous ignition area of 2H2 + O2 mixtures [10]; b Pressure dependence in ignition 
of 40% H2 in air (1 atm, 684 K) 

occurrence of a primary ignition center on the most chemically active site of surface, 
i.e. includes the steps of warming up, local ignition and flame propagation. 

In the work [63] spatial development of ignition of stoichiometric mixtures of H2, 
methane and isobutene with oxygen was studied over total pressures 10–100 Torr and 
T = 750 – 1000 K by means of high-speed color cinematography. It was established 
that the features of spatial development of ignition are determined by material and 
state of reactor surface. Numerical modeling [13] showed that the flow of active 
centers from surface to volume leads to non-uniform development of ignition over 
reactor volume. 

Promoting action of platinum (Pt) coating of reactor surface on the rate of H2 

oxidation is studied in [69]. It was shown in [70] that such action of Pt is caused 
by heterogeneous development of reaction chains that enhances probability of the 
ignition near surface. Hence, another factor influencing uniformity of ignition is the 
material of reactor surface. 

As is known [7, 71], the area of spontaneous ignition of 2H2 + O2 mixture can be 
presented as follows. The increase in reactor temperature above 820 K causes marked 
increase in the pressure of upper (second) pressure combustion limit and then to its 
disappearance. At pressures about 1 atm the third pressure limit of spontaneous 
ignition (P3) occurs, in this case the pressure of the third limit increases with a 
decrease in temperature (Fig. 1.1a). As is suggested in [72], P3 has thermal nature 
over Pyrex glass surface, but if reactor walls are coated with potassium chloride 
(KCl) P3 is of chain nature. According to [73], the third pressure limit of ignition 
in heated reactor has chain nature in all cases. The short review of works on H2 

combustion at higher pressures and elevated temperatures can be found in [74].
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The information below refers to the experimental investigation of spatial develop-
ment of H2–air mixtures ignition in the heated reactor over total pressures up to 2 atm 
by means of quick gas transfer with the use of high-speed color cinematography as 
well as at establishment of the influence of both propene additives [75] and surface 
state on the temperature of the third pressure limit of ignition. The experiments were 
performed with H2–air mixtures in the range of 1–2 atm and T = 500–800 K. Gas 
mixtures of 40% H2 + 60% air with (0–2%) propene (C3H6) additive were used in 
experiment and were prepared previously. In a number of experiments additive of 
1–2% carbon tetrachloride (CCl4) was used for visualization of H2 flame. It should be 
noticed that CCl4 additive in amounts less than 5% does not influence on H2 combus-
tion [7]. Experiments were performed in a heated stainless steel reactor of cylindrical 
shape of 25 cm in length and 12 cm in diameter equipped with demountable covers 
and an optical quartz window in one of the covers. Accuracy of temperature measure-
ments was 0.3°. Combustion process was recorded by means of Casio Exilim F1 Pro 
color high-speed digital camera (30–1200 frames per second), sensitive over the 
spectral range of 420–740 nm through the optical quartz window. The pumped and 
heated reactor was quickly filled with the gas mixture from a high pressure buffer 
volume to necessary pressure. An electromagnetic valve was used to open and close 
gas communications. Because of sharp difference of pressures in the buffer volume 
and reactor there was a gas movement in the reactor that according to Ref. [64] led  to  
the reduction of time of establishment of uniform temperature distribution (Fig. 1.1b). 
In [64] direct measurements of dynamics of temperature change in the center of the 
reactor by means of thin thermocouples were performed in similar conditions. It was 
shown that the time of warming up of gas mixture does not exceed 0.3 s. In this case, 
the formula considering only conductive heat exchange gives considerably greater 
value about tens of seconds. Pressure in the course of bleeding-in and combustion 
was recorded by means of a pressure transducer. At the moment of the valve opening 
a light-emitting diode was turned on, its flash was recorded by the camera. It allowed 
determining a delay time of ignition τ from a shot sequence independently for each 
separate ignition. 

All experiments on high-speed registration of spontaneous ignition have shown 
that an initial center of ignition originates on the reactor surface; in each subsequent 
experiment under the same conditions, the site of origin of the initial center varies 
(Fig. 1.2a). Before each experiment, the reactor was washed by warm distilled water. 
Bright points in Fig. 1.2a are caused by emission of hot soot particles in the flame 
zone. It means that chemical activity of various sites of surface changes from one 
ignition to another [12–14]. It should be noted that at initial stages of combustion 
process the development of an initial single center leads to the propagation of the 
flame front of hemispherical shape. Hence, the velocity of flame propagation can be 
determined directly from experimental sequences of video images. It is obvious that 
the observed pattern of combustion origination corresponds to a regime of ignition 
with heated surface [13]. The basic feature of ignition process lies in the fact that 
ignition occurs at separate sites of surface at uniform temperature of the surface of 
the reactor.
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Fig. 1.2 a Video images of the initial centers of spontaneous ignition in stoichiometric n-pentane– 
air mixtures in four consecutive experiments at temperature of walls 1 650; 2 643; 3 645; 4 649 K. 
600 shots/s, P = 1 atm. The numbers on each image correspond to the experiment serial number. 
b Sequences of video images of spatial development of ignition in stoichiometric n-pentane–air 
mixture at the temperature of the reactor walls 649 K, 600 shots/s. P = 1 atm. Numbers in the 
picture correspond to consecutive number of the video image. c The dependence of hemispherical 
flame visible radius of stoichiometric n-pentane–air mixture on time for (b) 

A very important conclusion follows from the results obtained. It can be seen 
from Fig. 1.2a that the process, called self-ignition (although in fact we are talking 
about thermal ignition), proceeds heterogeneously in space and its regularities are 
determined not only by the temperature of the reacting gas, but also by the material 
and the state of the surface (the presence of defects, which initiate primary active 
centers). This means that classical models that do not take into account surface 
heterogeneity and gas-dynamic features of the propagation of the reaction front, 
as, for example, the model discussed above, do not describe even qualitatively the 
emergence and development of the process of thermal ignition. 

One of the options for a new model that takes into account the inhomogeneity of 
the medium is proposed in Sect. 2.5, Chapter 2. 

The sequences of video images of spatial development of ignition in stoichiometric 
n-pentane–air mixture at the temperature of the reactor walls 649 K corresponding 
to the development of one of the initial centers presented in Fig. 1.2a are  shown in  
Fig. 1.2b. 

As is seen in Fig. 1.2, hemispherical flame front develops from the initial center of 
ignition; then the front becomes asymmetric as new ignition centers occur. In these 
series of experiments the delay period of ignition made up not less than 7 s, therefore 
the uniform warming-up of a gas mixture in accordance with direct measurements 
[7, 64] was almost provided for, because the fast bleeding-in reduces the time of 
warming-up of a gas mixture. Therefore, combustion originates on the surface of
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Fig. 1.3 The left frame: location of the platinum wire in the reactor; 1–4 consecutive frames of 
catalytic ignition of pentane–air stoichiometric mixture recorded at a frame speed of 600 frames/s. 
Initial conditions: a pentane–air stoichiometric mixture, T0 = 638 K, P0 = 2 atm  

the steel reactor even under conditions of almost homogeneous warming-up of a gas 
mixture. As is seen from Fig. 1.2b, the flame front has a hemispherical form; the 
dependence of the flame radius on time can be easily estimated. The pressure during 
combustion was recorded by means of a pressure transducer. 

From the time dependence of the visible radius of a spherical flame R(t) normal 
flame velocity Un = [dR(t)/dt]/εT was calculated. The value of εT was determined 
from the maximal pressure value of combustion Pb [7]: Pb/P0 = 1 − γ(εT − 1), 
P0 -initial pressure, γ—ratio of specific heats (γ = 1.2 [7]) A typical result of 
the estimation by the example of Fig. 1.2b is shown in Fig. 1.2c. The experi-
mental value of εT in the experiment makes up 3.35, then the normal flame velocity 
Un = [dR(t)/dt]/εT determined from Fig. 1.2c from the change of visible radius of a 
spherical flame gives 150 cm/s in good agreement with [7]. 

We performed the following experiments to determine whether the surface 
produces a catalytic effect on the ignition of hydrocarbons. To do this, we intro-
duced into the reactor a platinum wire of 0.5 mm in diameter and 0.5 m in length. 
Figure 1.3 displays a photograph showing the location of the wire in the reactor (the 
left frame), as well as frames showing the first moments of ignition of the pentane–air 
mixture in the presence of the catalytic surface. As can be seen from these frames 
(Fig. 1.3, shots 1–4), ignition kernels occur along the wire. 

To find out the influence of the reactor coating material on the value of the third 
pressure limit P3 the reactor surface was covered with a layer of potassium chloride 
(KCl) in some series of experiments. For this purpose, the reactor surface (except an 
optical window) was covered with saturated water solution of KCl (5 ml) and then 
water was pumped out. In other series of experiments, Pt foil 12 × 6 cm and 0.3 cm 
thick was placed in the reactor. Before each experiment, the reactor was pumped 
out to 10−1 Torr. Total pressure in the reactor was controlled with a vacuum gauge, 
the pressure in the buffer volume—with a manometer. Chemically pure gases and 
99.99% Pt were used. 

Experiments on thermal ignition of H2–air mixtures over stainless steel and KCl 
have shown that in the immediate vicinity of P3 the pressure in the reactor reaches 
the expected value (Fig. 1.1b), though the value of ignition delay period τ does not 
exceed 0.3 s, which is almost near certainty. So short values of τ can be explained 
by heterogeneous initiation occurring either on reactor surface or on the surface 
of artificial metal particles forming e.g. in motion of electromagnetic valve details. 
Note that in connection with the above, Fig. 1.1a is very conventional, since the limits
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Fig. 1.4 Sequences of video images of spatial development of ignition on admission of H2 to 1 atm  
of air at the temperature of reactor walls 680 K, 600 shots/s to total P = 2 atm. Material of the 
wall—stainless steel. As is seen, ignition is initiated on the particle heated in H2 flow [76] 

of thermal ignition depend on the state of the surface even for the same material. 
Luminescence of Ni and Fe particles in H2 flow was detected in [76]. Ignition of H2 

at its admission into heated rector containing air really occurs on the surface of a 
radiating particle torn with airflow from the reactor surface (Fig. 1.4). 

The increase in temperature leads to ignition at early stages of gas transfer inside 
the ignition area. 

The data on the dependence of P3 on pressure and on H2 content in gas mixture are 
shown in the Fig. 1.5. We considered that ignition had occurred, if the pressure trans-
ducer recorded sharp growth of pressure after filling the reactor with gas mixture and 
the camera recorded gas luminescence. As is seen, the ignition temperature of H2–air 
mixture in the stainless steel reactor increases as H2 content in the mixture decreases. 
With an increase in pressure, the transition to ignition occurs in the narrow interval 
of temperatures being less than 1°. Temperature of ignition of H2–air mixtures in 
the stainless steel reactor is ~ 20° more than in the reactor coated with potassium 
chloride and ~ 170° more than in the reactor containing Pt foil. This result means 
that P3 depends on the material of reactor surface. It is also shown that as propene 
additive increases from 1 to 2% 40% H2 + 60% air mixture does not ignite even at 
733 K and pressure 1.9 atm, i.e. P3 increases sharply. It means that H2 combustion 
in the vicinity of P3 is inhibited with small chemically active additive.

All experiments performed on high-speed registration of ignition have shown 
that the primary center of ignition occurs at the reactor surface, irrespective of the 
material of surface (Figs. 1.2, 1.3, 1.4 and 1.5); the place of occurrence of the center 
in a consecutive series of experiments changes from one experiment to another under 
the same initial conditions. 

Therefore, chemical activity of various surface sites changes from one experiment 
to another as well as in [68]. We will notice that as distinct to initial stage of hydro-
carbons combustion when the development of the primary single combustion center 
leads to propagation of flame front of hemispherical shape [68], propagation of H2 

flame from the primary surface center even in the presence of inhibitor has turbu-
lent character (Figs. 1.4, 1.5). Therefore, it is possible to define only average speed 
of flame propagation from the experiment. The basic feature of processes observed 
implies that ignition occurs on separate surface sites at the same temperature of 
the reactor surface; these sites vary from one experiment to another (Fig. 1.5) that
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Fig. 1.5 a Sequences of video images of spatial development of ignition in 40% H2 + air + 
1% C3H6 + 1% CCl4 at the temperature of reactor walls 698 K (1), 710 K (2), 725 K (3), 600 
shots/s. P = 1 atm. Material of the wall—stainless steel. Numbers in each frame correspond to 
a consecutive number of the video image. b sequences of video images of spatial development of 
ignition in 40% H2 + air + 1% C3H6 + 1% CCl4 at the temperature of reactor walls 715 K (1), 
725 K (2), 735 K (3), 600 shots/s. P = 1 atm. Material of the wall—KCl coating. Numbers in each 
frame correspond to consecutive number of the video image. c sequences of video images of spatial 
development of ignition in 40% H2 + 60% air mixture at the temperature of reactor walls 523 K, 
600 shots/s. P = 1 atm. Pt foil is placed in the stainless steel reactor. Its movement under explosion 
is clearly seen in shots 75,100. As is seen from shots 145–170, Pt foil becomes incandescent under 
gaseous reaction. Numbers in each frame correspond to consecutive number of the video image. 
Below is the time dependence of pressure change in the ignition
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corresponds to a mode of ignition with heated surface [65–67], rather than a uniform 
ignition mode [77–80]. 

The data on the values of τ point to the same conclusion. Though over stainless 
steel and KCl τ does not exceed 0.3 s including the time of bleeding-in, the value 
of τ over Pt foil is 0.5  ÷ 1.2 s. This result means that over stainless steel and KCl 
the gas mixture does not warm up uniformly (a warming up period exceeds 0.3 s, 
see experimental above), but over Pt foil uniform heating takes place (Fig. 1.5c). We 
will notice that for lack of ignition (P3 is not reached, see Fig. 1.1a) in immediate 
vicinity of P3 the combustible gas in the reactor obviously warms up uniformly, i.e. 
we obtain reliable P3 values by measurement “from below”. In immediate vicinity 
of P3, but above its value, ignition occurs locally over all surfaces investigated. 

Let us compare P3 values obtained in this work with the available literary data. 
In Fig. 1.6, the values of temperatures at P3 = 1 atm are compared for mixtures of 
40% H2 + 60% air + 1% C3H6 + 1% CCl4 (the present book) and mixtures 2H2 + 
O2 [72]. The fact (Fig. 1.6) that the temperatures of ignition obtained with quick gas 
transfer method in this study are ~ 160° less than obtained in [72] has engaged our 
attention. It would appear reasonable that both without inhibitor and at replacement 
of air by oxygen the temperatures at P3 = 1 atm for our experimental conditions 
should be even lower than those presented in Fig. 1.6.

Observable distinctions in the values of temperatures are obviously related to 
various experimental techniques used in the present work when the heated reactor 
was filled with preliminary prepared gas mixture, and [72], in which gas mixture was 
prepared in the heated reactor at temperatures close to the temperature of ignition. 
For this purpose in [72], the heated reactor was filled at first with H2, and then 
with oxygen, which was allowed to bleed in through a thin capillary for 4 s, thus 
the values of τ reached 30 s. It can be assumed that with the use of the technique 
[72] oxygen could already react during bleeding-up in surface reactions, i.e. the 
composition of gas mixture at the moment of ignition essentially differed from the 
initial one. Therefore P3 value obtained with the technique [72], can be concerned 
with the mixture of some other composition. Notice that in [72], the analysis of gas 
mixture composition during experiment was not performed. 

The experimental results show that much as in hydrocarbons combustion [68] the  
process of H2 combustion in the vicinity of P3 is the ignition by chemically active 
heated surface which is accompanied by flame propagation into reactor volume. It 
means that in mathematical modeling of ignition of H2–air mixtures in the vicinity 
of P3 it is impossible to restrict the consideration to the analysis of a uniformly 
distributed problem. It is also necessary to consider the possibility of formation of 
the combustion centers on reactor surface along with gas phase combustion kinetics, 
i.e. to allow for heterogeneous processes. 

Let us notice that within the framework of existing notions the changeover across 
a critical condition of ignition should be accompanied by substantial growth of an 
induction period τ. However this is observed only over Pt catalytic surface, probably 
because at comparably low temperatures (~ 520 K) the reaction of chain origina-
tion w0 (determining the value of τ [60]) on Pt has the lowest activation energy as
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Fig. 1.6 Dependencies of P3 of 2H2 + O2 on temperature from [72] (I–IV)—(I) experiments in 
reactors with KCl coating, (II) experiments in pyrex glass reactors, (III) experiments in pyrex glass 
reactors 2H2 + O2 + 2% H2O, (IV) experiments with the mixture addition during the reaction, 
reactor diameter = 4 cm; (V), (VI) values of the third pressure limit obtained in the present work 
for 40% H2 + air + 1% C3H6 + 1% CCl4 for KCl coating and stainless steel, reactor diameter d 
= 12 cm

compared with stainless steel and KCl. As is seen from our experiments over stain-
less steel and KCl, reaction rate in the vicinity of the third pressure limit changes 
stepwise in a very narrow temperature interval ~ 1°, thus, ignition initiates at reactor 
surface. Really, the interval of 1° is too small for drastic change in reaction rate in 
the volume. One can assume that it is connected with the sharp change of reaction 
ability of certain elements (defects etc.) of reactor surface during the transition over 
a critical condition [77]. 

Summarizing, it is shown that the features of ignition of H2 in air in the area of 
P3 depend not only on the mixture composition, but also on the material of reactor 
surface and on the amount of chemically active additive. Comparably long delay times 
of 40% H2 + air ignition at 1 atm were first observed over Pt surface. It is established 
that the process of ignition of H2–air mixtures at atmospheric pressure begins with 
primary center occurrence on the most chemically active site of the surface, which 
initiates flame propagation into volume. These results will be useful to us in the 
course of further presentation of the material. 

It should be noted that at the current state of experiment any comparison of the 
results of numerical calculations with experimental data is reliable only in a qualita-
tive aspect, e.g. on the qualitative modeling of time dependence of velocity change
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of movement of the boundary between initial and actively reacting components. The 
examination of the detailed kinetic mechanism introduces additional uncertainty into 
modeling. A large part of kinetic parameters is not accurate enough to draw reason-
able conclusions using calculations. The issue of completeness of the used reaction 
set is always an open question, because an important reaction can be overlooked. 
Moreover, as there are no unicity theorems on reactive compressible Navier–Stokes 
equations, which are used very often for combustion modeling in low Mach approx-
imation, the agreement between calculated quantities and experimental ones does 
not argue for accord between calculation and experiment, as there can be other sets 
of the governing parameters describing the same experimental dependencies [59]. 

As one can see, such difficulties arose even before the moment when we turned 
to the consideration of heterogeneous reactions on the catalyst surface. Indeed, all 
of the above about homogeneous reactions also applies to heterogeneous processes, 
especially as concerns both experimental determination of the rates of elementary 
reactions on the surface and the nature of these reactions themselves. In addition, since 
there are time dependent flows of reactants to the surface, the gas-dynamic features 
of the process should be taken into account along with a reaction mechanism that is, 
unfortunately, usually poorly known. 

When the catalyst is introduced into the combustible mixture, new critical 
phenomena arise, namely the temperature and pressure limits of catalytic ignition, 
which are determined by the state and history of the catalyst surface. That is another 
phenomenon, which has not yet received enough attention: the dependence of the 
catalyst surface state on surface treatment by ignitions of a combustible gas mixture, 
manifested in the fact that the catalytic activity of the untreated surface is markedly 
different from that of the surface, above which ignitions were carried out. This 
phenomenon and its associated effects will be discussed in this book. 

We will underline that extensive experimental and theoretical attention has been 
given to catalytic combustion in the past decade. The potential of heterogeneous 
processes in reducing emission of pollutants, improving ignition, and enhancing 
stability of flames has been recognized. The modeling and simulation of heteroge-
neous systems require the coupling of reactive flows with gas-surface interactions. 
The aim is to achieve a quantitative understanding of catalytic combustion. Catalytic 
ignition is an abrupt transition from a kinetically controlled system to one controlled 
by mass transport. Therefore, the complex interactions of chemical and transport 
processes in the gas phase as well as at the surface have to be included. Thus, the 
numerical simulation of catalytic ignition and the comparison of calculated and 
experimental results represents a suitable tool to validate qualitatively the models 
and the reaction mechanisms proposed. 

The authors would also like to make the reader more familiar with virtually 
inaccessible works of Russian authors published up to 2022 in Russian. 

Let us now highlight the main issues that have been addressed in this book. 
Chapter 3 is focused on the establishment of the features of hydrogen and 

deuterium ignition over platinum, palladium, ruthenium and rhodium. The detec-
tion of instabilities of the spatial development of 40% H2–air ignition as well as the 
establishment of the temperature dependence of delay times of ignition in the heated
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reactor at 1 atm by means of a quick gas transfer in the presence of platinum foil or 
a Pt wire was carried out. Cellular combustion regime of the mixture in the presence 
of Pt wire over the interval 270–350 °C was observed for the first time. It was shown 
that the regime is caused by the catalytic action of Pt containing particles formed by 
decomposition of volatile platinum oxide in the gas phase. The experimental studies 
of low-pressure hydrogen combustion over Pd and Pt foils at total pressures from 10 
to 180 Torr and initial temperatures of 20–288 °C were performed. We showed that 
the catalytic activity of the surface is higher than that over Pt foil. The activity of Pd 
foil reveals itself in both the occurrence of local ignition centers on the foil and the 
dark catalytic reaction of consumption of the flammable mixture. The comparative 
contribution of the mechanisms of both initiation by a surface reaction leading to 
active centers desorption and initiation of the ignition at the expense of only thermal 
heating with Pt surface, was established. It was determined that in the reaction of 
hydrogen combustion, metallic Pt acts as a heat source similar to (say) a tungsten wire 
heated by an external source. However, in the case under investigation, Pt is heated 
with an internal source, namely a surface catalytic reaction. It must be also taken into 
account that the composition of the surface layer changes during ignitions from Pt 
oxide (PtO2) to another composition, exhibiting properties different from PtO2. The  
experimental studies of low-pressure hydrogen and deuterium combustion over Rh, 
Ru, Pd and Pt wires at total pressures from 10 to 180 Torr and initial temperatures 
over the range 200 ÷ 500 °C were performed in order to establish the dependencies 
of catalytic ignition limits over noble metal surfaces on temperature and to indicate 
the governing factors of the problem of gas ignition by a catalytic surface as well. A 
macrokinetic study of the chemical properties of the two lighter hydrogen isotopes 
(protium and deuterium) dissolved in rhodium and palladium, namely the study of 
the influence of hydrides and deuterides of noble metals on hydrogen and deuterium 
combustion, was performed. It was revealed that Rh, Ru and Pd surfaces treated with 
2H2 + O2 ignitions show the defects in the form of openings, which are located on 
etching patterns; the etching substances are active intermediates of H2 oxidation. It 
was found that before ignition catalytic wire is not heated up uniformly; initial centers 
of the ignition occur. It was shown that Rh is the most effective catalyst of 2H2 + O2 

ignition, the lowest ignition temperature over Rh coated Pd wire (Rh/Pd) was 210 °C, 
for Ru/Pd and Pd—300 °C, for Pt wire—410 °C at total pressures less than 200 Torr. 
The hysteresis phenomenon is observed over Ru/Pd, Pt and Pd wires; namely, the 
ignition limit value measured over the wire, which is not treated with ignitions (a 
procedure of increasing temperature from a state of no ignition), is higher than the 
value measured with a procedure of decreasing temperature from a state of a catalytic 
ignition. It was shown that Rh is the most effective catalyst of 2D2 + O2 ignition, in 
this case the lowest ignition temperature over Rh coated Pd wire (Rh/Pd) was 100 °C. 
It is more accurate to speak about ignition over noble metals hydrides/deuterides; 
thus, the lowest ignition limit of 2D2 + O2 over rhodium deuteride was 100 °C; thus, 
D2 is more flammable than H2 over Rh and Pd. The obtained results indicate the 
existence of a “kinetic inverse isotope effect”, which affects the reactivity of MeH 
and MeD, where Me = Rh, Pd.
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Chapter 3 is focused on the establishment on the features of catalytic ignition of 
the mixtures of H2 + C1–C6 hydrocarbons + O2/air with platinum, palladium and 
rhodium. The tendencies in combustion of hydrogen and mixtures of hydrogen with 
methane over metallic Pd, including the use of an optoelectronic complex based on a 
hyperspectral sensor and high-speed color filming were revealed. It was shown exper-
imentally that the ignition temperature of the 40% H2 + air mixture over metallic 
Pd (70 °C, 1 atm) is lower than over the Pt surface. In addition, Pd wire initiates the 
ignition of the (30–60% H2 + 70–40% CH4)stoich + air mixtures, which cannot be 
initiated with Pt wire of the same size. This also means that Pd wire is more effective 
in initiation of ignition than Pt wire. The cellular structure of the flame front during 
ignition in the presence of Pd wire is missing in contrast to the results obtained on 
the Pt surface. It means that Pd is more suitable than Pt for hydrogen recombiners in 
nuclear power plants because the catalytic particles do not appear in the gas phase. 
The experimental value of the effective activation energy of the process over Pd was 
estimated at (3.5 ± 1) kcal/mol, which is characteristic of surface processes. This 
indicates the significant role of the dark reaction of H2 and O2 consumption on the 
Pd surface observed directly at low pressures. The presence of this reaction reduces 
the probability of accidental explosion compared to the Pt surface. It was found that 
in the presence of leucosapphire, there was no system of emission bands of H2O* 
in the range 570–650 nm during H2–O2 ignition and a possible explanation of this 
effect was given. The appearance of an additional source of excited water molecules 
emitting in the range 900–970 nm was explained. 

The combustion of hydrogen–hydrocarbon (C1–C6, namely CH4, C2H6, C3H8, 
C4H10, C5H12, C6H14)–air mixtures with θ = 0.6–1.2 over Pd at total pressures 
1–2 atm was investigated. Both the features of a flame front propagation in the 
mixtures and the dependence of a flammability limit over Pd surface on temperature 
were established. The experiments were performed with gas mixtures of 30% C1–C6 
hydrocarbon + 70% H2 + air at θ = 0.6–1.2 and pressures 1–2 atm. It was experi-
mentally shown that the temperature of the ignition limit over Pd at P = 1.75 atm, 
measured with a bottom-up approach by temperature, of the mixtures 30% methane 
+ 70% hydrogen + air (θ = 0.9, T = 317 °C) and 30% propane + 70% H2 + 
air (θ = 1, T = 106 °C) markedly drops after subsequent ignitions to T = 270 °C 
for H2–CH4 mix and to T = 32 °C for the H2–C3H8 blend. The catalytic ignition 
limit returns to the initial value after treatment of the reactor with O2 or air; i.e., a 
hysteresis phenomenon occurs. The ignition limit of the mixtures 30% (C2, C4, C5, 
C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, 1.2, correspondingly) over Pd amounts to 
25–35 °C at P = 1.75 atm; the hysteresis effect is missing. It was found that lean 30% 
C2H6 + 70% H2 + air mix (θ = 0.6) shows the lowest temperature of the ignition 
limit: 24 °C at 1 atm. The estimate of the effective activation energy of the ignition 
of the mixes over Pd is ~ 2.4 ± 1 kcal/mol that is characteristic of a surface process. 
Thus, the usage of Pd catalyst allows igniting H2–hydrocarbon mixtures at 1–2 atm 
at initial room temperature without external energy sources. The features of ignition 
of hydrogen–oxygen and hydrogen–methane–oxygen mixes at low pressure with hot 
Pd, Pt, Nichrome and Kanthal wires were revealed in order to establish whether there 
is a dependence of ignition temperature on fuel concentration and to estimate the
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contribution of catalytic properties of the materials as well. It was found that the 
ignition temperatures of hydrogen–oxygen and hydrogen–methane–oxygen mixes 
at low pressure over heated Pd, Pt, Nichrome and Kanthal wires at 40 Torr increase 
with a decrease in H2 concentration; only a heated Pd wire shows the pronounced 
catalytic action. Numerical calculations allowed elucidating the role of an additional 
branching step H + HO2 → 2OH. The peculiarities of ignition of premixed stoi-
chiometric n-pentane-air mixtures were studied in a rapid mixture injection static 
reactor in the presence of metallic Pt and Pd in the region of negative temperature 
coefficient (NTC). It is shown that in the absence of noble metals thermoacoustic 
oscillations occur within NTC region. In the presence of Pt catalyst surface, which 
reacts with oxygen at the flame temperature and generates catalytic centers propa-
gating into volume, thermoacoustic regimes of thermal ignition disappear; in other 
words, the catalytic Pt surface eliminates a certain inhibition stage of kinetic mech-
anism after the occurrence of the cool flame and NTC phenomenon vanishes. The 
stage may be e.g. the decomposition of some intermediate peroxide on Pt surface 
with the formation of a more reactive radical. In the presence of the catalytic surface 
(Pd), which does not react at the flame temperature and does not generate catalytic 
centers propagating into volume, NTC phenomenon occurs. Gas mixtures of (70– 
40%) hydrogen–(30–60%) propane–air mixtures (θ = 1) over Pd at total pressures 
1–2 atm. were investigated to establish both dependencies of the ignition delay period 
on time and the relationship of a flammability limit over Pd surface on temperature. 
It was found that at the combustion of (70–40%) hydrogen–(30–60%) propane–air 
mixtures (θ = 1) over palladium at total pressures 1–2 atm the ignition delay periods 
first decrease with a decrease in temperature; then these increase until the catalytic 
ignition limit is achieved; i.e., NTC phenomenon occurs. The effective activation 
energy of the process is E = 2.2 ± 1 kcal/mol that is characteristic of a surface 
process. Thus, NTC phenomenon is strongly associated with the state of Pd surface. 
It is found out that in the sample treated with ignitions, the defects in the form of 
openings, which are focused on etching patterns, arise. In the process, PdO parti-
cles originate in the process of oxidation of Pd surface; PdO particles decompose 
to Pd and O2 at the temperature of flame products. This means that Pd is spent in 
the reaction of chemical etching with active intermediates of combustion. It should 
restrict the applicability of palladium in ignition devices. Low-pressure combustion 
of hydrogen–methane and hydrogen–isobutene mixtures over Rh and Pd surfaces 
at total pressures from 80 to 180 Torr and initial temperatures of 200–500 °C was 
studied in order to establish the regularities of temperature limits of flammability 
over noble metals and to reveal the possibility of synthesizing carbon nanotubes 
from these gaseous precursors. It was shown that, at total pressures up to 200 Torr, 
the catalytic ignition areas over the Rh and Pd surfaces are larger for 2H2 + O2 

mixtures than for (H2 + CH4)stoich + O2 and (H2 + C4H8)stoich + O2 mixtures; 
the mixtures containing more than 50% hydrocarbons do not ignite. This behavior 
is directly related to the formation of a carbon-containing film on the noble metal 
surface while the fuel in the mixtures is consumed in a dark reaction. It has been 
shown that the dark reaction in the (80% H2 + 20% C4H8)stoich + O2 mixture leads
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to the formation of carbon nanotubes with a diameter within 10–100 nm; here noble 
metal acts both as a heater and catalyst. 

Chapter 4 is aimed at the establishment of the regularities of catalytic ignition 
mainly of H2–methane mixtures; in a series of experiments methane blends were 
replaced with ethane, ethylene and n-pentane. 

Experimental determination of ignition temperatures and effective activation ener-
gies of ignition of mixes (40 ÷ 70% H2 + 60 ÷ 30% CH4)stoich + air over Rh was 
performed at 1 ÷ 2 atm over temperature range 20 ÷ 300 °C under static conditions 
in order both to establish catalytic effectiveness of Rh as a promising igniter, and to 
reveal factors, which determine the values of effective activation energies and to find 
out whether NTC phenomenon exists in the ignition. 

It was shown that in the reactor, treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. 
The result indicates the potential of using rhodium catalyst to lower markedly the 
catalytic ignition temperature of the fuels based on hydrogen-methane mixtures. 
The critical condition for volume reaction is revealed: the volume process occurs at 
45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction 
occurs; this phenomenon is qualitatively described by our calculations. It is revealed 
that the effective activation energies both of “upper” and “lower” limits of H2 + 
methane oxidation over the range of linearity are roughly equal (2.5 ± 0.6) kcal/mol; 
it means that the key reactions, responsible for the occurrence of “upper” and “lower” 
ignition limits are almost certainly the same. It was shown that for Rh/Pd catalyst 
the chain development process has most likely heterogeneous nature because the 
effective activation energy is < 3 kcal/mol. Experimental determination of ignition 
temperatures and effective activation energies of ignition of mixtures 5% ÷ 40% H2– 
air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (and C2H4))stoich + air over Rh and 
Pd at 1 atm was performed over temperature range 20–300° under static conditions 
in order to compare catalytic effectiveness of Rh and Pd and to establish factors that 
determine the values of effective activation energies. It was shown that the obtained 
values of effective activation energy are in mutual agreement and are characteristic 
of the surface nature of Rh action; Rh is more catalytically active than Pd. The 
key features of catalytic ignition on metallic rhodium and palladium in a series of 
mixed fuels: namely hydrogen + synthesis gas and hydrogen + hydrocarbon (ethane, 
ethylene, propane, pentane) + air were identified to establish the boundaries of 
catalytic ignition regions, dependencies of effective ignition activation energies on the 
nature of a hydrocarbon, and the role of dark oxidation processes. It was shown that 
under conditions of our experiments not the chemical nature of the catalyst but that of 
C2 hydrocarbon in the mix with H2 is the determining factor of catalytic ignition. The 
catalytic ignition limits of synthesis gas over Rh/Pd are qualitatively different from 
the dependencies for combustible hydrogen-hydrocarbon: the “lower” catalytic limit 
dependence has a distinct maximum, which indicates a complex mechanism of the 
catalytic process; Arrhenius dependence of ln [H2]lim on 1/T could not be applied. 
Therefore, the interpretation of the “upper” and “lower” limits of catalytic ignition 
given in the literature should be refined. Long delay periods of catalytic ignition of 
hydrogen–n-pentane mixes (tens of seconds) and the absence of the dependence of
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the periods on the initial temperature allow us to conclude that the catalytic ignition 
of hydrogen–n-pentane mixes is determined by the transfer of the molecules of the 
hydrocarbon blend to the surface of the catalytic wire. Experimental studies of low-
pressure combustion of H2–O2 and H2–CH4–O2 mixtures were carried out over Pt 
surface at total pressures from 20 to 180 Torr and initial temperatures of 400–600 °C. 
These were performed in order to establish the relationships of catalytic ignition limits 
over Pt on temperature and to reveal the features of ignition of hydrogen- methane 
mixes over Pt in a constant electric field in the absence of discharge. It was shown 
that the ignition limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich + O2 mixes over 
Pt wire do not depend on the applied voltage without discharge up to 1200 V. We 
showed that for (80% H2 + 20% CH4)stoich + O2 mixes the application of an electric 
field (1200 V) leads to the disappearance of Pt containing particles from the reaction 
volume formed by decomposition of volatile platinum oxide in gas phase, which 
indicates that these particles are charged. This may be due to the chemiionization 
phenomenon observed in the combustion of hydrocarbons and then adsorption of the 
charged particles onto the Pt containing particles. Is was shown that in combustion 
of (80% H2 + 20% CH4)stoich + O2 mix carbon nanotubes practically do not form 
as distinct from (H2 + C4H8)stoich + O2 mix. 

Chapter 5 is focused on the features of interaction of the surfaces of noble metals 
with a propagating flame front. The peculiarities of penetration of a flame front of 
the diluted methane-oxygen mixture in the volumes of complex geometry in the 
laboratory scale installation were established. It was shown that a flame propagation 
process in a conditional room containing an indoor space with two openings and a 
flammable material inside shows a wide variety of combustion modes depending on 
the geometry of this complex volume. The preliminary numerical calculation of the 
expected flame propagation patterns may not always be successful, a real experiment 
under laboratory conditions, assuming the possibility of scaling the process, seems 
to be the most informative one. The investigation into Pt behavior in the flame of 
methane combustion under conditions of turbulent flow was performed. We revealed 
that under certain conditions Pt catalyst can suppress combustion and thereby show 
the opposite effect due to the high efficiency of Pt surface coated with a Pt oxide 
layer in the reaction of chain termination. Therefore, kinetic factors could be the 
determining even under conditions of high turbulence. Specific features of oxidation 
of hydrogen and methane over platinum and palladium at low pressures (70–200 Torr) 
were established. The value of effective activation energy of the dark reaction over Pd 
is evaluated as E = 4.1 ± 1 kcal/mol that is characteristic of a surface process. Under 
our conditions, no dark reaction on Pt wire was observed. It was shown that the rate of 
chain termination determines the value of the critical diameter for flame penetration 
through Pt or Pd cylinders; the efficiency of Pd surface in chain termination reaction 
is much greater than that of Pt.
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Chapter 2 
The Features of Hydrogen 
and Deuterium Ignition Over Platinum, 
Palladium, Ruthenium and Rhodium 

Abstract This chapter is focused on the establishment of the features of hydrogen 
and deuterium ignition over platinum, palladium, ruthenium and rhodium. The 
cellular combustion regime of the mixture in the presence of Pt wire over the interval 
270–350 °C was observed for the first time. It was shown that the regime is caused 
by the catalytic action of Pt containing particles formed by decomposition of volatile 
platinum oxide in gas phase. We showed that the activity of Pd foil reveals itself in 
both the occurrence of local ignition centers on the foil and the dark catalytic reac-
tion of consumption of the flammable mixture. A study of the chemical properties 
of the two lighter hydrogen isotopes (protium and deuterium) dissolved in rhodium 
and palladium, namely the study of the influence of hydrides and deuterides of noble 
metals on hydrogen and deuterium combustion, was performed. It was revealed that 
Rh, Ru and Pd surfaces treated with 2H2 + O2 ignitions show the defects in the form 
of openings, which are located on etching patterns; the etching substances are active 
intermediates of H2 oxidation. It was found that before ignition catalytic wire is not 
heated up uniformly; initial centers of the ignition occur. It was shown that Rh is 
the most effective catalyst of 2H2 + O2 ignition. It was shown that Rh is the most 
effective catalyst of 2D2 + O2 ignition, in this case the lowest ignition temperature 
over Rh coated Pd wire (Rh/Pd) was 100° lower than for 2H2 + O2 ignition, thus, 
D2 is more flammable than H2 over Rh and Pd. The obtained results indicate the 
existence of a “kinetic inverse isotope effect”, which affects the reactivity of MeH 
and MeD, where Me = Rh, Pd. 

Keywords Ignition · Hydrogen · Deutherium · Air · Oxidation · Hydrides ·
Rhodium · Ruthenium · Palladium · Platinum · Catalytic limits · Dark reaction 
mode · Cellular · Reactive compressible Navier Stokes equations · Speed filming ·
Hyperspectrometer 

This chapter presents to the reader mainly a description of the phenomenology of 
hydrogen oxidation with oxygen or air on noble metals. 

In this regard, an important remark must be made here. Since the quantitative 
features of the ignition processes of the catalytic surface are investigated below, it 
becomes important to control the state of the surface. However, it is not possible 
to provide a micro-level control for a macro sample. In the present study, the same
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samples of wires and foils were made from the same Pt (and Pd) ingot, and Rh 
and Ru coatings were applied from the same samples of liquid reagents from the 
same jeweler. Because the heat losses at the ends of the sample where the contacts 
are attached play a prominent role, the samples were used of sufficient length and 
thickness so that the heat losses did not affect the results of the experiments. Thus, the 
length and diameter of the wires used below are those that increasing their length and 
decreasing the diameter did not affect the values of the measured limits of catalytic 
ignition. 

In addition, in the course of the presentation, much attention will be paid to the 
treatment procedures of catalytic surfaces, which allowed the authors to achieve 
reproducibility of the results. 

In this Chapter, the detection of instabilities of the spatial development of 40% 
H2–air ignition as well as the establishment of the temperature dependence of delay 
times of ignition in the heated reactor at 1 atm by means of a quick gas transfer in 
the presence of platinum foil or a Pt wire was carried out. The cellular combustion 
regime of the mixture in the presence of Pt wire over the interval 270–350 °C was 
observed for the first time. It was shown that the regime is caused by the catalytic 
action of Pt containing particles formed by decomposition of volatile platinum oxide 
in the gas phase. Experimental studies of low-pressure hydrogen combustion over 
Pd and Pt foils at total pressures from 10 to 180 Torr and initial temperatures of 20– 
288 °C were performed. We showed that the catalytic activity of Pd surface is higher 
than that over Pt foil. The activity of Pd foil reveals itself in both the occurrence 
of local ignition centers on the foil and the dark catalytic reaction of consumption 
of the flammable mixture. The experimental studies of low-pressure hydrogen and 
deuterium combustion over Rh, Ru, Pd and Pt wires at total pressures from 10 to 
180 Torr and initial temperatures over the the range 200 ÷ 500 °C were carried out. 
The aim was to establish the dependencies of catalytic ignition limits over noble metal 
surfaces on temperature and to indicate the governing factors of the problem of gas 
ignition by a catalytic surface as well. A macrokinetic study of the chemical properties 
of two lighter hydrogen isotopes (protium and deuterium) dissolved in rhodium and 
palladium, namely the study of the influence of hydrides and deuterides of noble 
metals on hydrogen and deuterium combustion, was performed. It was shown that 
Rh, Ru and Pd surfaces treated with 2H2 + O2 ignitions show the defects in the 
form of openings, which are located on etching patterns; the etching substances are 
active intermediates of H2 oxidation. It was found that before ignition catalytic wire 
is not heated up uniformly; initial centers of the ignition occur. It was shown that Rh 
is the most effective catalyst of 2H2 + O2 ignition; the lowest ignition temperature 
over Rh coated Pd wire (Rh/Pd) is 210 °C. The hysteresis phenomenon is observed 
over Ru/Pd, Pt and Pd wires; namely, the ignition limit value measured over the 
wire, which is not treated with ignitions, is higher than the value measured with a 
procedure of decreasing temperature from a state of a catalytic ignition. It was shown 
that Rh is the most effective catalyst of 2D2 + O2 ignition. It is more accurate to 
speak about ignition over noble metals hydrides/deuterides; thus, the lowest ignition 
limit of 2D2 + O2 over rhodium deuteride was 100 °C; thus, D2 is more flammable 
than H2 over Rh and Pd. The obtained results indicate the existence of the “kinetic
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inverse isotope effect”, which affects the reactivity of MeH and MeD, where Me = 
Rh, Pd. 

2.1 Cellular Combustion and Delay Periods of Ignition 
of Near Stoichiometric H2–air Mixtures Over Pt 
Surface 

A cellular mode of combustion of a 40% mixture of hydrogen with air in the pres-
ence of platinum wire and foil in the range of 270–350 °C at atmospheric pressure 
was found. Combustion cells caused by catalytic instability have been experimen-
tally detected for the first time by using the methods of routine and 4D optical 
spectroscopy, which allows registering the intensity of the optical spectrum simulta-
neously depending on the wavelength and also by color speed filming. It was found 
that the cellular mode is determined by the catalytic combustion of hydrogen on Pt 
containing particles formed during the decomposition of unstable platinum oxide in 
gas phase. It is shown that the temperature dependence of the delays of hydrogen 
ignition above a platinum wire and foil in both stationary and rotating gases corre-
sponds to an activation energy of 19 ± 3 kcal/mol, which is close to the activation 
energy of branching of the reaction chains of hydrogen oxidation. 

The development of the technology of catalytically stabilized (CS) combustion 
requires the development of catalysts with increased activity (the temperature of 
reaching 50% conversion should be less than 450 °C) and thermal stability. This 
requires an understanding of the nature of catalytic surface processes, knowledge of 
the detailed low-temperature homogeneous kinetic mechanism and its relationship 
with the mechanism of heterogeneous chemical transformations. The homogeneous 
ignition in a catalytic reactor threatens the integrity of the catalyst and the reactor 
(and can cause their destruction), therefore the possibility of preventing such an event 
is of primary interest for the design of the CS reactor. Ignition in the gas phase is 
determined by the interrelation of heterogeneous and homogeneous factors (catalytic 
fuel consumption, adsorption/desorption reactions involving radicals). Therefore, 
reliable control of homogeneous ignition requires knowledge of the combustion 
mechanism in the presence of a catalyst. Turbines, in which natural gas is the main 
fuel, but natural gas combustion is stimulated by hydrogen in the presence of a CS 
catalyst are of particular interest [1]. The addition of small amounts of H2 to natural 
gas increases the efficiency of the catalyst, stabilizes combustion and prevents flame 
pulsation. Therefore, knowledge of the features of catalytic combustion of hydrogen 
is an important step for understanding the stimulating effect of hydrogen in the 
combustion of hydrocarbons [1–6]. 

In [3], relatively long ignition delays were found in a 40% H2–air mixture over a 
Pt foil at a total pressure of 1 atm. It was found that the ignition of H2–air mixtures 
at atmospheric pressure begins with the appearance of a primary combustion center 
at the most chemically active surface area, which initiates the propagation of the
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flame in the reactor. In addition, as shown in [7], the introduction of a platinum wire 
into the reactor eliminates the phenomenon of a negative temperature coefficient (the 
nature of which is still unclear) during combustion of a stoichiometric mixture of 
n-pentane with air, while platinum wire has no effect on the delay time of the thermal 
ignition of the mixture at lower temperatures. It follows from the above that in the 
understanding of combustion processes over catalytic surfaces now there are quite a 
lot of “white spots”. 

This paragraph is devoted to the detection and determining of the reasons for the 
instability of the spatial propagation of a mixture of 40% H2–air in the presence of 
platinum foil or wire using high-speed color filming, routine optical and 4D spec-
troscopy. It discusses also the establishment of the temperature dependence of the 
ignition delay times of this mixture in a heated reactor at 1 atm in a static quick gas 
transfer installation. 

2.1.1 Experimental 

Two installations were used for the experiments. In the first setup (setup 1), hyper-
spectrometers and a high-speed color camera were used to register light emission. 
The presence of a hyperspectrometer made it possible to carry out 4D measurements 
(1-time, 2-wavelength, 3-spectrum intensity at a given wavelength, 4-coordinate of 
the emitting fragment of the light source are recorded). This setup was used to carry 
out experiments to analyze the optical spectra of cellular combustion of hydrogen 
over a platinum surface. 

A STE-1 spectrometer with crossed dispersion was used in the second setup (setup 
2) for the traditional registration of radiation, followed by recording the spectrum 
with a SONY DCR-SR200E video camera, sensitive in the wavelength range of 420– 
900 nm. It was processed then using Hesperus 3.0 program. This setup was used to 
carry out experiments to find out the nature of the 552 nm emission band, which is 
often recorded in combustion processes. 

Installation 1 (Figs. 2.1 and 2.2) [8–11] consisted of a heated reactor (1), an elec-
tromagnetic valve (2), a buffer storage capacity (3), a cylinder with a gas mixture (4), 
a hyperspectrometer (5), a digital video camera (6), a rotating mirror (7), internal 
asbestos insulation (8), heater (9), external asbestos insulation (10), optical window 
(11), pressure sensor (12), ADC converter and computer for receiving and accumu-
lating data (13), millivoltmeter for taking readings of thermocouple (14), aluminum 
ring to prevent gas circulation (15), spark ignition circuit (16). The strip in red, along 
which the 4D spectral survey is carried out, is shown in Fig. 2.2b. The width of 
this strip is about 1 mm. The blue circle marks the node for tangential gas injection 
into the reactor. The heated reactor 25 cm long and 12 cm in diameter was made of 
stainless steel and equipped with a tangential gas inlet (marked with a blue circle in 
Fig. 2.2a, b), collapsible covers, and an optical quartz window. An aluminum ring 
with an outer diameter of 11.2 cm and an inner diameter of 11 cm was introduced
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into the reactor perpendicular to the gas flow in experiments where it was required 
to avoid gas circulation due to the presence of a tangential inlet (Fig. 2.2). 

The temperature measurement accuracy was 0.3 K. An electromagnetic valve was 
used to open and close the gas pipelines. The reactor evacuated and heated to the 
required temperature was filled through the valve with a gas mixture from the high-
pressure buffer storage capacity to the required pressure. Due to the sharp pressure 
drop in the buffer storage capacity and the reactor, a gas vortex arises after the 
solenoid valve is triggered in the reactor, leading to a reduction in the time required 
to establish a uniform temperature distribution [8]. As already mentioned, to prevent

Fig. 2.1 Installation 1, photograph of the experimental installation 

Fig. 2.2 Installation 1, a diagram of the experimental installation; b side diagram of the reactor 
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gas circulation, an aluminum ring was introduced into the reactor perpendicular to 
the gas flow. 

It should be noted that direct measurements of the dynamics of temperature 
changes in the center of the reactor using thin thermocouples were performed under 
similar conditions as in [8]. In this work, it was experimentally shown that the heating 
time of the gas mixture did not exceed 0.3 s. The formula, which takes into account 
only the convective heating of the gas mixture, gives a heating time of the order of 
several tens of seconds [9]. 

In the present work, the pressure during admission and combustion was recorded 
using a “Karat-DI” tensoresistive sensor, the signal from which was fed through an 
ADC to a computer. At the moment of opening the solenoid valve, a light-emitting 
diode was switched on. The radiation was recorded by a movie camera. This moment 
was taken as the origin of the ignition delay, which made it possible independently 
of pressure measurements to determine its duration from a sequence of frames for 
each individual ignition. Flame velocities were determined from the change in the 
visible radius of the spherical flame, from which the apparent flame velocity was 
calculated. The magnitude of the degree of expansion of the combustion products was 
determined by the value of the maximum pressure developed during the combustion 
of the mixture Pb [6]: 

Pb/Po = 1 + γ (εT − 1) 

The magnitude of a normal flame propagation velocity Un was determined from 
the relation Un = Vv/εT [6]. Here Vv is the visible velocity of the flame. 

Pt foil 12 × 6 cm and 0.3 cm thick or Pt wire 15 cm long and 0.3 cm in diameter 
was placed in the reactor of the installation 1. Before each experiment, the reactor was 
pumped down to 0.1 Torr. The pressure in the reactor was recorded with an exemplary 
vacuum gauge, and in the buffer storage capacity with an exemplary pressure gauge. 
Reagent grade gases (hydrogen, oxygen, methane) and 99.99% Pt were used. 

The combustion process was recorded with a STE-1 spectrometer equipped with 
a SONY DCR_SR200E color video camera, or with a 4D spectrometer (hyperspec-
trometer) through an optical window in one of the removable covers (Fig. 2.1). 
Experiments on high-speed filming were carried out with gas mixtures of 40% H2 + 
60% air in the range of 270–350 °C without gas circulation. In this paragraph, both 
video recording of combustion was carried out with a color high-speed film camera 
Casio Exilim F1 Pro (frame rate—300–1200 s−1) through an optical quartz window 
(the resulting video file was recorded in the computer memory and then processed 
frame-by-frame) and registration of combustion process with a hyperspectrometer 
(Fig. 2.2a). Then the obtained data were compared. 

Various dispersing elements can be used in hyperspectrometers: a diffraction 
grating, a holographic grating, a prism, a combination of prisms, a combination 
of optical wedges and a diffraction grating, etc. A prism-based design was used 
in the case of VID—spectrometers (Fig. 2.3, to the left), a grating-based one— 
in BIK spectrometers (Fig. 2.3, to the right). The BIK hyperspectrometer contains 
an entrance objective lens 1, a diaphragm bundle 2, a collimator 3, consisting of
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two sections 4 and 5. These sections are installed at an angle to each other, the 
optimal value of the rotation angle is 90°. A mirror 6 is placed between the collimator 
sections 4 and 5. A dispersing unit made in the form of a diffraction grating 7 is 
installed behind the collimator section 5. Further, along the path of the beams, the 
lens 8 and the photodetector array 9 are installed. 

It the present paragraph, the measurements were performed using VID-IK3 hyper-
spectrometers [12–15] and their modified version (the photodetector array was 
rotated in it, and due to this, it became possible to programmatically control the 
angle of view and, accordingly, the frame rate). The appearance of both devices 
mounted on a rotary device is shown in Fig. 2.4, and the construction (the same for 
both devices) is presented in [13–15]. The optical layout of the hyperspectrometer is 
discussed in [14, 15]. The VID-IK3 hyperspectrometer has a better spectral resolu-
tion, and the modified VID-IK3 hyperspectrometer has a better spatial and temporal 
resolution. The use of two devices at once made it possible to reveal new features of 
the hydrogen combustion process over the platinum surface.

To demonstrate the capabilities of the VID-IK3 hyperspectrometer, we present 
the dependences of the intensity of the combustion spectra of 40% H2–air mixture 
initiated by a Pt wire on the wavelength for different points (Fig. 2.5) on the position 
on the registration strip (red strip in Fig. 2.2a) and on time (Fig. 2.6).

As indicated above, since the time dependence for the combustion processes under 
study is quite smooth, and the spectral resolution of the VID-IK3 hyperspectrometer 
is two times better than that of the modified VID-IK3 hyperspectrometer then exper-
iments on the study of the combustion of a mixture of 40% H2–air, 320 °C, 1 atm 
initiated by Pt was measured with a VID-IK3 hyperspectrometer. To establish some 
spatial features, a modified VID-IK3 hyperspectrometer was used. 

To diagnose dusty structures, particles emitted by a platinum wire when it was 
heated in atmospheric air were illuminated with a flat laser beam (“laser knife”), the 
shifting of which was no more than 200 μm.

Fig. 2.3 To the left: Ray path in the VID-IK3 hyperspectral module (1) entrance lens, (2) diaphragm 
unit with a slit, (3) collimator, (4) dispersing element, (5) camera lens, (6) photodetector array. To 
the right: Optical system of the BIK1 hyperspectrometer 
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Fig. 2.4 Location of hyperspectrometers for studying flames: a (1) VID-IK3 hyperspectrometer, 
(2) VID-IK3 hyperspectrometer (modified), (3) rotary device, (4) Casio Exilim F1 Pro video camera 
on a tripod, (5) rotary mirror with an image of the optical window of the reactor, (6) bypass volume; 
b a block of hyperspectrometers on a rotating device

Fig. 2.5 Dependence of the emission spectra of combustion of 40% H2–air mixture, initiated by a 
Pt wire, on the position on the red strip. The initial temperature is T0 = 320 °C, P0 = 1 atm

For visualization of solid particles, a semiconductor laser λ = 532 nm was used. 
The diagram and photographs of setup 2 are shown in Fig. 2.7. Here: (1) stainless 
steel reactor 15 cm long and 13 cm in diameter, equipped with an optical window 
8, (2) rotary mirror, (3) collimator with holder, (4) spectrometer STE-1 with crossed 
dispersion, (5) spectrometer entrance slit, (6) SONY DCR_SR200E video camera, 
(7) spectrometer output window.
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Fig. 2.6 Time dependence of the combustion spectra of 40% H2–air mixture initiated by a Pt wire. 
T0 = 320 °C, P0 = 1 atm

Fig. 2.7 Installation for registration of radiation spectra by optical spectroscopy. a block diagram 
of the installation; b, c, d photographs of the installation units
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2.1.2 Results and Discussion 

Installation 1 was used to study the spatial development of the ignition of mixtures 
of 40% H2–air at a pressure of 1 atm. It should be noted that the ignition temperature 
of H2–air mixtures at 1 atm in a reactor containing Pt foil [3] is ~ 170  °C  lower  
than in a stainless steel reactor. It should be noted that the transition through the 
critical ignition condition is accompanied by a significant increase in the ignition 
delay period τ only over the catalytic Pt surface. When ignited over stainless steel, 
τ does not exceed 0.5 s and changes abruptly in a very narrow temperature range of 
~ 1°. The delay periods in a 40% hydrogen–air mixture can reach tens of seconds 
both at temperatures less than 260 °C and above the “fresh” surface of the platinum 
foil. It is believed that the state of the “fresh” surface is realized in each initial (first) 
experiment, in which Pt is not pretreated with active centers of ignition. 

A sequence of video images of the development of the ignition of the mixture of 
40% hydrogen with air for various initiation conditions is shown in Fig. 2.8. As seen 
from Fig. 2.8a, a smooth homogeneous flame is observed during ignition initiated 
by a spark discharge at room temperature of the walls of the reactor, in the case of 
a stainless steel surface. As shown in Fig. 2.8b, if the Pt foil is placed in a stainless 
steel reactor, the flame front is also almost uniform. However, in the presence of a 
Pt wire (Fig. 2.8c), a cellular flame structure is observed. Before and after ignition, 
the Pt wire is heated due to catalytic reactions on the Pt surface. The addition of 
15% CO2 to the combustible mixture ensures complete suppression of the cellular 
combustion mode (Fig. 2.8d), while the 15% addition of helium practically does not 
affect the cellular combustion mode (Fig. 2.8e).

The results of the qualitative assessment of the flame velocities from the change in 
the visible radius of a spherical flame according to the equation given in the Exper-
imental are shown in Fig. 2.9. It is seen in Fig. 2.9 that with spark initiation in a 
mixture diluted with carbon dioxide, a constant flame velocity is achieved after a 
certain time interval corresponding to the formation of a stable flame front (FF) [16, 
17]. However, in the presence of a platinum catalyst, as can be seen in Fig. 2.9, a  
constant flame velocity (within the experimental error) is achieved almost immedi-
ately. In other words, the catalytic action of platinum leads to a sharp reduction in 
the time of formation of a stable FF. In addition, it can be seen from Fig. 2.9 that 
the normal flame velocity in the presence of a catalytic surface is noticeably higher 
(≈ 2.6 m/s) than under conditions excluding the action of the catalyst (upon initia-
tion by a spark discharge ≈ 1.9 m/s, in the presence of 15% CO2 ≈ 1.8 m/s). The 
obtained values of normal velocities (without catalyst) agree within the error with 
the literature data [17]. On the other hand, it is known that the velocity of a laminar 
flame does not depend on the energy of the initiation source if the initiation energy is 
low (the so-called lean initiation [6]). Thus, the obtained experimental result requires 
an explanation.

Let us turn to the facts known from the literature. In [2] some experimental facts 
related to the reaction between platinum (the effective catalyst for the combustion of 
hydrogen and hydrocarbons) and oxygen at temperatures up to the melting point of
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Fig. 2.8 Sequences of video images of the spatial development of the combustion process. The 
numbers on the frame correspond to the sequential number of the video image: a ignition of the 
mixture of 40% H2 + 60% air at wall temperature of 200 °C, initiated by a spark; 600 frames/s; P 
= 1 atm; there is no platinum in the reactor; b ignition of the mixture of 40% H2 + 60% air at wall 
temperature of 247 °C; Pt foil is placed in the reactor. c ignition of the mixture of 40% H2 + 60% air 
at wall temperature of 316 °C; The Pt wire is placed in the reactor. It can be clearly seen in frames 
1, 61. It is also seen from these frames that the Pt wire is heated before and after the explosion due 
to catalytic reactions on the Pt surface; d ignition of the mixture of 85% (40% H2 + 60% air) + 
15% CO2 at wall temperature of 320 °C in the presence of a Pt wire; e ignition of the mixture of 
85% (40% H2 + 60% air) + 15% He at wall temperature of 309 °C in the presence of Pt wire
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Fig. 2.9 The dynamics of an 
increase in the radius R of the 
front of the laminar flame, 
calculated from an increase 
in the visible radius of the 
flame front from the data in 
Fig. 2.8: experiments a; b; c; 
P0 = 1 atm, 600 frames/s

platinum are considered. In [2], it was found that a thin film of thermally unstable 
solid platinum oxide (more likely, platinum dioxide PtO2, or PtO  [3]) is formed in 
air or oxygen at room temperature [4] on the surfaces of a Pt wire or thin foil and it 
thickens with an increase in temperature to about 500 °C. 

However, when this temperature is exceeded, the oxide disproportionates with 
the formation of metal [5]. Therefore, the weight loss of platinum in an oxidizing 
environment at elevated temperatures (470–540 °C) is explained by the formation of 
volatile platinum oxides, followed by the deposition of platinum on colder surfaces 
as a result of the decomposition of oxides. This is shown in the illustration (Fig. 1) 
given in [2]. It shows a platinum-containing layer on a lining brick of a CS reactor, 
recovered after long-term operation. It can be seen from the illustration that a black 
oxide film is deposited at cooler edges, and crystalline platinum is deposited at a 
hotter surface. 

This means that molecules or clusters of both platinum oxides and platinum metal 
exist in the gas phase at temperatures above 500 °C. Therefore, Pt-containing particles 
diffusing into a medium containing a combustible gas (for example, into a hydrogen– 
air mixture), for example, during the heating of a Pt wire, are catalytic centers, on 
which hydrogen can be ignited directly during the propagation of the flame front. 

Consequently, one can expect the appearance of an unstable flame front (FF) 
caused by catalytic centers distributed in the gas phase during the combustion of 
hydrogen initiated by a Pt wire. This instability should be observed under the condi-
tions, under which there is no thermal diffusion instability (the composition of the 
combustible mixture is close to stoichiometric one [6]). Let us recall that the thermal 
diffusion instability is observed in flames, in which the rates of heat transfer and 
diffusion are different, i.e. Le /= 1 (Lewis number Le = D/α, where D is the diffu-
sivity of the component that determines the combustion process, α is the thermal 
diffusivity). Such instability leads, for example, to the cellular nature of the propaga-
tion of flames in lean hydrogen–air and hydrogen–oxygen mixtures. In this work, a 
cellular regime is discovered and investigated, which is not associated with thermal 
diffusion instability. 

The experimental data presented are in agreement with the experimental fact [2, 4, 
5], indicating that the oxide layer on a bulk Pt sample with a lower surface-to-volume 
ratio is thinner than on a Pt wire, for which the surface-to-volume ratio, obviously,
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is larger. Therefore, the number of Pt particles in the volume during heating of a 
massive sample is not high enough to affect the structure of the flame front. 

We investigated the behavior of a heated platinum wire in an oxidizing atmosphere 
(air) under various conditions (Fig. 2.10) for a clearer illustration of the above in the 
next series of experiments. The results of visualizing the process of heating a Pt wire 
with a current of 2 A is demonstrated in Fig. 2.10a. For this purpose, the wire was 
illuminated with a vertical flat “laser knife” (see Experimental). It can be seen from 
Fig. 2.10a that ultradispersed particles evaporate from a platinum wire when heated, 
which are platinum oxides, according to [2–5]. 

It is obvious that in the experiment on the initiation of the ignition of hydrogen 
with Pt wire in a heated reactor during a delay period of 3 ÷ 70 s under our conditions, 
ultradispersed platinum oxide can spread up to ignition throughout the entire volume 
of the reactor because the registration of the evaporation of platinum oxide from the 
wire is carried out at a rate of 60 frames per second. 

In a “cold” reactor (Fig. 2.10b), i.e. when the ignition of a mixture 40% H2 + 
60% air is initiated by heating Pt wire at wall temperature of 200 °C, platinum oxide

Fig. 2.10 Behavior of heated platinum wire under various conditions: a heating the Pt wire (current 
is 2 A). The wire is illuminated with a vertical flat “laser knife”. 60 frames/s; b ignition of the mixture 
of 40% H2 + 60% air initiated by heated Pt wire at wall temperature of 200 °C; c ignition of the 
mixture of 40% H2 + 60% air at wall temperature of 316 °C in the presence of a Pt wire 
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does not have time to spread evenly throughout the reactor before ignition, since the 
delay time of thermal ignition is already hundredths of a second. In this regard, under 
these conditions, the cellular combustion mode is practically not manifested, to the 
same extent as in a heated reactor (compare Fig. 2.10b and c). 

The issue of the mechanism of the participation of ultradispersed Pt particles in 
combustion, as well as the determination of the features of hydrogen combustion in 
the presence of platinum, was solved experimentally using 4D spectroscopy. Thanks 
to this method, it is possible to record optical spectra of radiation from a given point 
in space at facility (1), as well as routine optical spectroscopy at facility (2). Initial 
RGB of hyperspectral images (which further are analyzed with a special program 
package) of investigated combustible mixtures: 40% hydrogen + air upon initiation 
by a spark discharge [15], 40% hydrogen + air upon initiation with a platinum wire 
are shown in Fig. 2.11a, b. 

In Fig. 2.11a, b, the window axis (x-axis) corresponds to the red strip in Fig. 2.2a, 
and the y-axis corresponds to the dependence of the combustion process on time. 
Each strip along the y-axis in Fig. 2.11 corresponds to one frame of information 
accumulation on the photodetector matrix of the hyperspectrometer (300 frames/s). 

A comparison of the optical emission spectra of a hydrogen flame initiated by a 
platinum wire and recorded along a vertical strip along the diameter of the optical 
window (red strip, Fig. 2.2a), and a spark discharge is demonstrated in Fig. 2.12a. 
Let us preliminarily point out that the hydrogen flame at low pressures is practically 
invisible. The reason to this is that its radiation is mainly due to the radiation of 
hydroxyl radicals OH A2∑ – X2P in the ultraviolet region at 306 nm [18]. Attention 
is drawn to the features of the flame spectrum (Fig. 2.12a, b) in the visible region, 
namely the system of emission bands in the range of 570–650 nm, which makes the 
hydrogen flame visible at elevated pressures, along with the lines of sodium atoms 
(581 nm) and potassium (755 nm), inherent in all hot flames [18] and in this case 
emitted from the region filled with combustion products. In [15], we showed that 
the bands in the region of 600 nm in a hydrogen flame, according to the data of 
[19], relate to the radiation of water vapor. In Table 4 from [19], cited in [15], the 
assignment of the bands in Fig. 2.12a (black curve, see also Fig. 2.4d) to water vapor,

Fig. 2.11 RGB 
hyperspectral images: a 
combustion of 40% 
hydrogen in air, initiated by a 
platinum wire, b combustion 
of 40% hydrogen in air, 
initiated by a spark discharge 
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which is a product of the hydrogen oxidation reaction is given. Thus, the observed 
spectral lines belong only to the reaction products. 

It can be seen in Fig. 2.12b and c, which show the combustion spectra of the 
mixture of 40% H2–air, (T0 = 320 °C, P0 = 1 atm) in the range of 550–650 nm, 
recorded after initiation with platinum wire, deployed along the vertical x axis of 
the reactor, and the dependence of the maximum values of the spectrum intensity 
for a wavelength of 622 nm from the x coordinate along the vertical axis of the 
reactor, that at the selected time two maxima are recorded at x = 488 and x = 503

Fig. 2.12 a comparison of the spectra of hydrogen combustion initiated by a spark discharge. 40% 
H2–air, 20 °C, 1 atm (black curve) and initiated by a platinum wire. 40% H2–air, 320 °C, 1 atm (red 
curve) b combustion spectra of a mixture of 40% H2–air, 320 °C, 1 atm in the range 550–650 nm, 
recorded after initiation with a platinum wire, deployed at the moment corresponding to frame 2 
in Fig. 2.5c, along the vertical x-axis of the reactor (red strip in Fig. 2.2a). c dependence of the 
maximum value of the spectrum intensity for a wavelength of 622 nm on the x coordinate along the 
vertical axis of the reactor 
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along the x axis, located between the spatial coordinates with relative values of 485 
and 510. This means that combustion in space is inhomogeneous, otherwise the 
intensities of the spectral lines would change smoothly in the direction of decreasing 
or increasing coordinates. In other words, 4D spectroscopy makes it possible to 
register combustion cells, as was done above by high-speed filming (Fig. 2.8c, f; 
Fig. 2.10c). The experimenter may be questioned whether the observed maxima 
in Fig. 2.12c are concerned with various noises, namely read noise, dark noise, 
quantization error or shot effect. 

Among these problems, the most important is the shot effect, since in our case 
it exceeds the other noises in intensity by orders of magnitude. However, special 
experiments have shown that the shot effect does not affect the features of the behavior 
of the spectra shown in Fig. 2.12c. Primary data are shown in Fig. 2.13. 

The foregoing is confirmed by the fact that the luminescence inhomogeneities 
caused by the catalytic instability of the phase transition are recorded not only by the 
high-speed filming method (Fig. 2.8c), but also by a hyperspectrometer (the same 
experiment, Fig. 2.14) directly on the hypercube. Indeed, it can be seen from Fig. 2.14 
that when measured with a modified VID-IK3 hyperspectrometer on a combustion 
hypercube of a 40% H2–air mixture (T0 = 320 °C, P0 = 1 atm), bright spots (hot 
spots) are recorded corresponding to the combustion cells observed in Figs. 2.8c, d 
and Fig. 2.10c.

Fig. 2.13 Dependences of the light emission intensity of the combustion of a mixture of 40% H2– 
60% air in the range 550–650 nm, recorded after initiation with a platinum wire, T0 = 320 °C, P0 
= 1 atm  



2.1 Cellular Combustion and Delay Periods of Ignition of Near … 47

Fig. 2.14 RGB hyperspectral image of the combustion of a mixture of 40% H2–air, initiated by a 
platinum wire, obtained using a modified VID-IK3 hyperspectrometer, T0 = 320 °C, P0 = 1 atm,  
spectral interval 550–650 nm 

The main feature of these “hot spots” is that the emission spectra of combustion 
along and across these points, depending on both the y coordinate and x (time), 
behave not symbiotically and have a maximum inside this point. 

The spectra along one of these points (point 1 in Fig. 2.14) for different values 
of x (along the red strip in Fig. 2.2a) are shown in Fig. 2.15. The dependence of the 
position of the spectrum maximum for a wavelength of 972 nm on the x coordinate 
for point 1 (Fig. 2.14) is demonstrated in Fig. 2.16. 

The spectra across point 1 for different values of y (time) are indicated in Fig. 2.17.
The dependence of the intensity maximum for the 972 nm line (Fig. 2.18) of point 

1 (Fig. 2.14) on y (time) is shown in Fig. 2.18.
As is seen in Figs. 2.16 and 2.18, the spectral intensities for these points do not 

behave symbatically. It is interesting to note that these points are displaced along the 
x-axis depending on the recording time, that is, as cells that change their position in

Fig. 2.15 Dependence of the intensity of combustion emission spectra for different values of x 
(along the red strip in Fig. 2.2a) for point 1 (Fig. 2.14)
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Fig. 2.16 Dependence of 
the position of the spectrum 
maximum for a wavelength 
of 972 nm on the x 
coordinate for point 1 
(Fig. 2.14)

Fig. 2.17 Dependence of the emission spectra of combustion on y (time) for point 1 (Fig. 2.14)

the video frames in Figs. 2.8c, d and 2.10c. An important conclusion also follows 
from the data obtained that the emission spectrum of the cells is close to the emission 
spectrum of a gray body (intensity maxima in space are observed simultaneously in 
different parts of the investigated spectral interval), that is, the emission of points 
(cells) really corresponds to the emission of incandescent catalyst particles. 

Let us focus on the features of the emission spectrum of hydrogen combustion in 
a heated reactor in the presence of a platinum wire. It can be seen from Fig. 2.12a 
(compare also with Figs. 2.4d and 2.12b) that in this case an additional band at 
552 nm appears in the emission spectrum of the hydrogen flame. According to the 
literature, the nature of the appearance of radiation at this wavelength has not yet been



2.1 Cellular Combustion and Delay Periods of Ignition of Near … 49

Fig. 2.18 Dependence of 
the maximum intensity for 
the line 972 nm (Fig. 2.16) 
point 1 (Fig. 2.14) on y  
(time)

established. The indicated band in the emission spectrum (Fig. 2.13a) is observed 
during intense combustion of rich mixtures of industrial hydrocarbons, i.e. in the 
presence of soot particles [20], as well as in the combustion of methane in the 
presence of heated coal dust. Obviously, in both of these cases, neither hydrogen 
nor platinum is involved in the combustion process. Therefore, for this study, to find 
out whether the radiation source at a wavelength of 552 nm is associated with the 
evaporation of platinum oxide from a heated platinum surface was of fundamental 
importance. 

For this purpose, a cylindrical furnace 6 cm in diameter and 3 cm long was placed 
in reactor 1. A compressed coal tablet (anthracite, trade mark GOST 25,543- 88b, 
particles with an average diameter of 55 μm) was placed in its internal hole, heated 
for 3 min to 400 °C and a stoichiometric mixture of natural gas with oxygen up 
to 150 mm Hg and admitted into installation 2 (Fig. 2.2). Ignition was initiated by 
a spark discharge. The emission spectrum recorded using optical spectroscopy is 
shown in Fig. 2.19a. As seen from Fig. 2.19a, the 552 nm band is clearly observed 
in this spectrum. However, as indicated above, to observe this band, hydrocarbon 
is needed as a combustible, as well as heated coal powder. In the next experiment, 
the conditions remained the same, only methane was replaced by hydrogen. At the 
same time, the 552 nm band remained in the spectrum. In the absence of carbon 
dust in a clean (washed with ethanol) reactor, this band was no longer observed (cf. 
Figs. 2.4d and 2.12b) both upon initiation of ignition by a spark discharge or by a 
heated platinum wire. Thus, the method of initiating the ignition is not associated 
with the occurrence of this emission band.

This led us to the conclusion that experiments at room temperature and in a 
heated reactor differ methodically by the presence of an aluminum ring to prevent 
gas circulation in the heated reactor (see Sect. 2.1.1). 

Therefore, a thin aluminum foil was introduced into the “cold” reactor, which 
was used to cover the inner walls of the reactor. The initiation was carried out with 
a heated platinum wire. The result of the experiment is shown in Fig. 2.19b, and the
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Fig. 2.19 a optical spectrum of radiation during combustion of a stoichiometric mixture of methane 
in oxygen in the presence of carbon dust heated to 400 °C. P = 150 mm Hg; b optical spectrum 
of hydrogen combustion in air upon initiation by a heated platinum wire in the presence of a thin 
(0.1 mm) aluminum foil covering the reactor walls. P = 1 atm, initial temperature 20 °C. c spectrum 
b after processing using the Hesperus 3.0 software package

result of its digital processing using the Hesperus 3.0 program is shown in Fig. 2.19c. 
It can be seen from Fig. 2.19b that when a mixture of 40% H2–air is ignited, it is 
possible to observe a band at 552 nm. It should be noted that the appearance of 
copper lines (515, 521, 529, 532 nm [21]) is because the platinum wire was attached 
to copper electrodes, which were heated at the attachment points. 

Thus, the occurrence of emission at a wavelength of 552 nm is most likely due to 
the radiation of metal impurities contained in aluminum. Excitation of metal atoms is 
carried out during the recombination of atoms and radicals arising during combustion 
on the hot surface of aluminum (the flame temperature of a mixture of 40% H2–air 
is ~ 2200 °C [22]) with the release of a significant amount of energy. 

For example, it is known that a platinum wire placed at a distance of 7 cm from 
the RF discharge can even melt due to the energy released during the recombination 
of oxygen atoms on the surface (2O → O2 + 116.4 kcal/mol) [23]. This energy 
corresponds to ultraviolet radiation at a wavelength of about 270 nm. The sources 
of radiation at a wavelength of 552 nm can be impurities of atoms of alkaline earth 
metals in industrial aluminum, which contains Fe, Cu, Mn, Mg, Cr, Ni [24] and 
trace amounts of alkali and alkaline earth metals, in particular, Ca [25]. As shown in
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[26], excited CaOH and CuOH (calcium monohydroxide, copper monohydroxide) 
molecules can provide radiation at 552 nm. Since carbon powders contain a large 
amount of inorganic impurities, including metals and their salts [27], the 552 nm 
band during coal combustion is obviously of the same origin. 

This result also means that the introduction of platinum into the hydrogen oxida-
tion flame does not lead to changes in the visible emission spectrum of this flame as 
compared to initiation by an electric discharge. Thus, the processes of evaporation 
and decomposition of Pt oxide, which has catalytic properties, like platinum itself, 
determine the role of platinum. Directly related to these processes is the cellular 
mode discovered in this work for the Pt-initiated combustion of a mixture of 40% H2 

with air—a composition close to stoichiometric one. Thus, in accordance with the 
above, during the ignition delay period in the gas phase, the molecules or clusters 
of Pt and platinum oxide are formed at the temperature of the platinum wire in the 
combustible gas above 500 °C. Pt-containing ultrafine particles diffusing into the 
reaction volume act as catalytic centers, on which hydrogen is oxidized, which leads 
to strong heating of these particles. These incandescent particles are perceived as 
flame cells on video filming and when recording by the 4D spectroscopy method. In 
fact, they are such cells, in the area of which combustion occurs most intensely. We 
point out that the rate of diffusion of catalytic particles in the gas should determine 
the possibility of implementing cellular combustion. This is indeed the case. For 
example, the diffusion rate of catalytic particles decreases in the presence of 15% 
CO2. These particles “do not keep up” behind the propagating combustion front 
(Fig. 2.8d), and the cellular combustion mode is not recorded. On the other hand, 
the addition of 15% light He (Fig. 2.8e) does not lead to the disappearance of the 
cellular combustion regime. 

Let us turn to the analysis of the temperature dependences of the ignition delay 
times during the combustion of hydrogen in the presence of a platinum surface in a 
heated reactor. The ignition delay time τ is one of the most important macrokinetic 
characteristics of thermal ignition, which can be measured in relatively simple ways. 

In this case, an important experimental fact is that, according to data [26, 28] in  
a shock tube and in a rapid compression machine, thermal ignition has a cellular 
nature. We have also recently shown [3, 7] that the ignition of mixtures of hydrogen 
and n-pentane with air in a bypass plant at a total pressure of 0.6–2 atm begins with 
the appearance of a primary ignition center on the most chemically active area of the 
surface. Thus, thermal ignition includes the stages of warm-up, local ignition and 
flame propagation. This means that cellular ignition is the rule, not the exception, 
i.e. “self-ignition” as a process that occurs simultaneously in the entire volume of 
the reactor, apparently, is not provided in principle. 

The temperature dependence of the ignition delay times for a mixture of 40% H2 

and air in the reactor in the presence and in the absence of a gas flow (Fig. 2.19) 
above the catalytic surface (Pt foil or Pt wire) in Arrhenius coordinates is shown in 
Fig. 2.20. As is seen  from Fig.  2.20, the effective activation energy E is practically 
the same for both the Pt foil and the Pt wire, both in the presence and in the absence 
of a gas flow. The experimental value of E is 19 ± 3 kcal/mol and is close to that 
of the hydrogen combustion branching reaction H + O2 → OH + O (16.7 kcal/mol
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[22, 29, 30]). This means that the ignition delay in the initiation of hydrogen combus-
tion by the platinum surface is determined by the slowest stage of the kinetic mecha-
nism, namely, the branching reaction, the slowest stage in the sequence of reactions 
leading to flame propagation. Indeed, the value of the delay period for the initial stage 
of the combustion process is τ ≈ 1/ϕ, where ϕ is the so-called branching factor, which 
includes the value of the rate constant of the activated branching reaction in the case 
of a hydrogen oxidation reaction (see Chap. 1). 

As is known [22], the coordinate of the point of intersection of straight lines with 
the ordinate axis in Fig. 2.20 is approximately inversely proportional to the frequency 
of active collisions. Since the surface area of the Pt wire is less than that of the Pt 
foil, the frequency of collisions with the surface is lower for the Pt wire. In addition, 
the collision frequency for a Pt foil in a stationary gas is less than for the same foil 
in a circulating gas. This is illustrated in Fig. 2.20. 

We briefly summarize the results obtained in this paragraph. A cellular mode of 
combustion of 40% hydrogen–air mixture in the presence of platinum wire and foil in 
the range of 270–350 °C at atmospheric pressure was discovered. Combustion cells 
caused by catalytic instability have been experimentally detected for the first time 
using the 4D optical spectroscopy method, which allows recording the intensity of the 
optical spectrum simultaneously depending on the wavelength, time and coordinate. 

It was found that the cellular mode is determined by the catalytic combustion of 
hydrogen on Pt-containing particles formed during the decomposition of unstable 
platinum oxide in the gas phase. During the ignition delay period at the temperature 
of the platinum wire in the combustible gas above 500 °C, molecules or clusters of 
Pt oxide and platinum are formed in the gas phase. Pt-containing ultrafine particles 
diffusing into the reaction volume act as catalytic centers, on which hydrogen is 
oxidized, which leads to strong heating of these particles. These incandescent parti-
cles are perceived as flame cells on video filming and, in fact, are such cells, in the

Fig. 2.20 Temperature 
dependence of the delay 
times of thermal ignition for 
a mixture of 40% H2 with air 
in the reactor of the bypass 
installation in the presence 
and in the absence of a gas 
flow at a pressure of 1 atm. 
Black triangles—ignition 
initiated by platinum foil, 
gas at rest; black 
squares—platinum foil 
initiated ignition, circulating 
gas; empty squares—ignition 
initiated by platinum wire, 
the gas is at rest 
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area of which combustion is most intense. It is shown that the temperature depen-
dence of the hydrogen ignition delays on a platinum wire and foil in both stationary 
and rotating gases corresponds to activation energy of 19 ± 3 kcal/mol, which is 
close to the activation energy of branching of hydrogen oxidation reaction chains. 
The impurity origin of the 552 nm emitting band, which is often recorded during 
combustion of gas and dust-gas mixtures, has been determined. 

The results obtained are of immediate importance for the development of Catalytic 
Stabilization (CS) technology and the development of catalysts with increased 
activity. The results are also important for verification of theoretical concepts of 
the propagation of dust and gas flames. 

2.2 Hydrogen Ignition Over Pt and Pd Foils at Low 
Pressures 

In the previous paragraph, a cellular mode of hydrogen combustion above Pt surface 
was detected. It was found that the cellular mode is determined by the catalytic 
combustion of hydrogen on Pt-containing particles formed during the decomposition 
of platinum oxide in gas. During the ignition delay period at the temperature of the 
platinum wire in the combustible gas above 500 °C, molecules or clusters of Pt oxide 
and platinum are formed in the gas phase. Pt-containing ultrafine particles diffusing 
into the reaction volume act as catalytic centers, on which hydrogen is oxidized, 
which leads to strong heating of these particles. 

This paragraph addresses the phenomenological features of hydrogen combustion 
over platinum and palladium. 

It is known that catalytic hydrogen combustion boilers operate at relatively low 
temperatures and can generate heat for household applications without CO2 and 
NOx emissions [31, 32]. Thus, the design of catalysts for hydrogen combustion 
becomes important. Catalysts for hydrogen combustion should possess properties 
such as capacity for oxygen storage, thermal stability and should provide hydrogen 
and oxygen activation, which can be attained with noble metals in support. Noble 
metals have strong capability of adsorbing hydrogen and oxygen at low temperatures 
[33, 34]. Recently, Borguet et al. [33] reported high hydrogen adsorption capacity 
and low H2 dissociation temperature on palladium. Moreover, understanding H2 and 
O2 behavior on the catalyst surface is crucial to focus on the mechanisms of commer-
cialized processes such as preferential oxidation and H2 combustion. In addition, the 
airship fabric bag emissions of dilute hydrogen can be used in a power generation 
system by low temperature catalytic combustion technology. Due to the low pressure 
in the stratosphere, the application of catalytic combustion in stratospheric airship 
power generation systems provides advantages over the conventional technology of 
low ignition temperature under lean combustion conditions, low pollution emissions, 
high combustion efficiency and stability [35, 36]. Exothermic energy obtained from 
the hydrogen catalytic combustion reaction can be provided to the power generation
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system as a heat source, which avoids carrying additional fuels into the stratosphere. 
For the low temperature catalytic combustion of hydrogen, noble metal catalysts such 
as palladium and platinum drew significant attention because of their high catalytic 
combustion activity and a relatively simple preparation method [37]. In the strato-
sphere, the pressure is between 5.5 and 1.2 kPa [38]. The H2 reaction kinetics at low 
and atmospheric pressures differs from each other. Consequently, it is important to 
find out the difference. 

Note that noble metals form oxides, which depending on the reactivity, determine 
both the speed and the mechanism of catalytic process; it markedly complicates the 
optimization of catalysis conditions. For instance, Pd transforms to PdO at temper-
atures lower than 820 °C, and very unstable PtO2 can hardly be generated below 
500 °C. Because of greater stability of PdO in comparison with PtO2, in the case of 
Pd catalyst, the active phase is PdO, whereas in the case of Pt, the active phase is 
metallic Pt. In methane combustion, the activity of PdO is greater than that of Pt, 
which results in higher conversions for PdO [39]. We have shown recently that, in 
the reaction of hydrogen combustion, metallic Pt acts as a heat source similar to a 
tungsten wire heated by an external source. Obviously, Pt is heated with an internal 
source, namely, a surface catalytic reaction. The composition of the surface layer 
changes during ignitions from PtO2 to another composition, exhibiting properties 
different from those of PtO2 [40]. We also observed cellular combustion regimes 
of 40% H2–air mixture in the presence of Pt wire at 270–350 °C [41], which were 
caused by the catalytic action of Pt-containing particles formed upon decomposition 
of volatile platinum oxide in the gas phase. 

Even against that background, the peculiarities of ignition of H2 over Pt and Pd 
at low pressures remain not clear enough. This work was focused on experimental 
studies of low-pressure hydrogen combustion over Pd and Pt foils at total pressures 
from 10 to 180 Torr and initial temperatures of 20–288 °C. 

2.2.1 Experimental 

The experiments were performed with stoichiometric gas mixtures 2H2 + O2. Two  
reactors were used. Reactor I was a quartz cylinder 12 cm high and 8 cm in diameter 
with a removable CsI window at the butt-end of the cylinder, inlets for gas blousing, 
pumping out and ignition of gas mixture (Fig. 2.21a). The CsI optical window (35 mm 
in diameter and 5 mm thick) withstands only five impacts of ignitions at 40 Torr; it was 
then replaced. Reactor II was a quartz one 4 cm in diameter and 30 cm long heated up 
with an electric furnace, and the temperature was controlled by a thermocouple. The 
reactor was supplied with a removable quartz window on its butt-end (Fig. 2.21b). 
Reactor I was used for studying the initiated ignition, which was provided by heating 
Pd or Pt foils (0.06 mm thick 80 mm long and 1 mm wide).

Thermal ignition over these foils was studied in reactor II. High-speed recording of 
ignition dynamics was carried out from the butt-end of reactor II with a video camera 
(frame frequency, 600 frames s–1), sensitive in the spectral range of 420–740 nm. An
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Fig. 2.21 Experimental installations: a for the study of initiated ignition, (1) quartz cylinder 12 cm 
high and 8 cm in diameter, (2) quartz vacuum cover, (3) CsI window, (4) to the pump, (5) Pt/Pd foil, 
(6) foil heater, (7) infrared Flir 60 IR camera, and (8) rotating mirror; b for the study of thermal 
ignition, (1) quartz reactor of 4 cm in diameter and 30 cm long heated up in the electric furnace, 
(2) heater, (3) thermocouple, (4) Pt/Pd foil, (5) ADC computer based system, (6) optical window, 
(7) rotating mirror, and (8) Casio F1 Exilim Pro high-speed digital camera

infrared camera Flir 60 (frame frequency 60 frames s–1, 320 × 240 pix, sensitivity 
interval 8–14 μm) was used to determine the dynamics of change in temperature 
of Pt and Pd foils before ignition. A video recording was turned on at an arbitrary 
moment before initiation. A video file was stored in computer memory and its time-
lapse processing was performed. The pumped and heated reactor II was filled with 
the gas mixture from a high-pressure buffer volume to necessary pressure. In reactor 
I, the foils were quickly heated to ignite the flammable mixture; in reactor II, the 
resistance of the foils during thermal ignition was measured. The temperature of the 
foil during ignition was estimated by an ADC based acquisition system taking into 
account the temperature dependence of metal resistivity in the computer program. 
Before each experiment, the reactor was pumped down to 10–2 Torr. Total pressure 
in the reactor was monitored with a vacuum gauge, and the pressure in the buffer 
volume was monitored with a manometer. Chemically pure gases, 99.99% Pt and 
99.85% Pd were used. 

2.2.2 Results and Discussion 

Temperatures of ignition of 2H2 + O2 mixture over heated foils of both Pt and 
Pd were determined. Typical experiments at a total pressure of 40 Torr are shown 
in Fig. 2.22. It is essential that, after previous ignition, the water vapor should be 
completely pumped out from the reactor prior to the next run; otherwise, the ignition 
may not happen. In this case, when heating the foil, the total pressure in the reactor 
decreases by one third without explosion; i.e., the reaction proceeds completely. 
Note that, for Flir 60, the temperature indicator is slightly delayed as compared 
with filming; therefore, the maximum temperature T exp = 194 °C (shown on the 
top left of each frame) in the third frame of Fig. 2.22a corresponds to that of the 
foil immediately before ignition; the temperature in the fifth frame (T exp = 241 °C) 
corresponds to that of the foil heated with the flame. Analogously, in Fig. 2.22b: the
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maximum temperature in the third frame (T exp = 248 °C) corresponds to that of the 
foil immediately before ignition; the temperature in the fifth frame (T exp = 339 °C) 
corresponds to that of the foil heated with the flame. 

An emissivity factor in these experiments was 0.95 (close to blackbody one). In 
this case, the colors of the Flir 60 display are most comfortable for the experimenter. 
However, the recommended emissivity factor over the range 8–14 μm for Pd foil is 
~ 0.05 (http://www.zaoeuromix.ru/) or 0.05–0.1 (http://www.thermalinfo.ru/) for Pt 
foil. We took an estimated value of 0.07 for both foils. Thus, the actual temperature 
before ignition of 2H2 + O2 mixture at 40 Torr can be estimated from Stefan– 
Boltzmann law: 0.95T 4 exp ≈ 0.07T 4 act for both foils. 

We get an ignition temperature of 623 °C and heated foil temperature of 714 °C for 
Pd foil; the values for Pt foil are 727 and 903 °C, respectively. The obtained ignition 
temperature of Pt foil is larger than that measured at 1 atm by other means [40] 
(584 °C). It is related to different conditions of heat losses and heterogeneous chain 
termination (see below). Even the minimum temperature value (584 °C) is already 
enough to ignite a 40% H2 + air mixture [42] i.e., the influence of the catalytic H2 

+ O2 reaction over noble metals is essentially negligible in case of initiated ignition. 
It was found that the thermal ignition of 2 H2 + O2 over both foils is missing up

Fig. 2.22 Investigation of initiated ignition by means of the IR camera: a Over heated Pd foil 
(60 frames s–1, T0 = 20 °C, P0 = 40 Torr). Time in seconds is given at the bottom-right of each 
frame. Red and blue triangles show the maximum and minimum temperatures in the rectangle, cross 
indicates the temperature at the point. The emissivity factor is set equal 0.95. b Over heated Pt foil 
(60 frames s–1, T0 = 20 °C, P0 = 40 Torr) 

http://www.zaoeuromix.ru/
http://www.thermalinfo.ru/
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to 100 Torr. Thus, the usage of a CsI optical window and the IR camera does not 
make any sense because of the risk of the device damage with CsI splinters in case 
of ignition. 

However, in the experiments without ignition, we observed that, at 100 Torr of 2 
H2 + O2, Pd foil gets heated by ~ 60 °C using the ADC based acquisition system 
accounting for the temperature dependence of metal resistivity (Fig. 2.21b). At the 
same time, the total pressure in the reactor decreases by one third for ~ 3 s, indicating 
that the hydrogen oxidation is fully completed. Pt foil heats up only by ~ 10 °C and no 
consumption of the initial flammable mixture is observed. It means that, at pressures 
< 100 Torr and T 0 < 300 °C, Pt foil shows no prominent catalytic properties in 
contrast to Pd foil. 

For the spatial development of ignition of 2H2 + O2 mixture at pressures up to 
180 Torr and 290 °C over both foils, it was shown that the thermal ignition over Pt 
foil is missing at 180 Torr and 288 °C. We reported earlier [40, 41] that the thermal 
ignition of 40% H2 + air mixture at 1 atm already occurs at 260 °C in the reactor 
140 mm in diameter. Thus, at lower pressures the heterogeneous chain termination on 
the reactor walls as well as heat losses are markedly pronounced despite the catalytic 
activity of the surface. Indeed, using the Einstein–Smoluchowski equation x2 = 2Dt 
(x is a mean diffusion path of a probe particle for a time t, and D is diffusivity close 
to thermal conductivity), we get t1/t2 = x1 2/x2 2, where the subscripts 1 and 2 refer 
to the reactors of different diameters. The computation of wall termination effects 
in gas-phase radical reactions was described in detail [42]. We give only estimates. 
In this work x1 = 2 cm,  in  Ref.  [10] x2 = 7 cm, then t1/t2 = 4/49. This value is still 
less for atmospheric pressure [30, 40]. 

Therefore, the mean time for a particle to reach the wall in the reactor with a 
smaller radius at a total pressure of 180 Torr is much less than that for the reactor 
with a radius of 7 cm at 1 atm. The same applies to heat losses. 

The typical sequence of frames of the thermal ignition over Pd foil at 180 Torr 
and 288 °C is shown in Fig. 2.23. In accordance with published data [40, 41] Pd foil  
becomes red-hot before and after ignition due to catalytic reactions on Pd surface, 
the delay period of ignition makes 4 ± 0.3 s. Since Pd foil is not heated up uniformly 
(see frames 21–58 in Fig. 2.23), the temperature measured by means of Pd foil 
is a lower boundary of the real temperature of the ignition center, which ignites 
the combustible mixture. Indeed, it takes a certain time to warm up an entire wire; 
therefore, the temperature values obtained are underestimated.

At 288 °C and pressures < 180 Torr, the ignition is missing. However, total pressure 
in the reactor decreases by one third for ~ 3 s, indicating that hydrogen oxidation is 
fully completed. It means that, at pressures of > 100 Torr, the catalytic activity of the 
Pd surface is high as compared to Pt foil. The monitoring of warming-up kinetics 
using the temperature dependence of resistance in 2 H2 + O2 by means of ADC 
computer based acquisition system is shown in Fig. 2.24. According to Figs. 2.23, 
2.24, the activity of Pd foil expresses itself in both the occurrence of local ignition 
centers on the foil, from which combustion wave propagates (see also Fig. 2 [40]), 
and the dark catalytic consumption of the flammable mixture, which complicates 
catalytic reaction proceeding owing to consumption of initial flammable gas. The



58 2 The Features of Hydrogen and Deuterium Ignition Over Platinum, …

Fig. 2.23 High-speed filming of the thermal ignition of a 2H2 + O2 mixture, 600 frames s–1, T0 
= 288 °C, P0 = 180 Torr

preheating catalytic process is observed over both foils. At 180 Torr over Pd foil 
(Fig. 2.24, curve 1), the catalytic process provides thermal ignition; the warming-
up is enough to ignite the mixture [22]. Obviously, the value of the warming-up is 
underestimated because the foil is unevenly heated during ignition (Fig. 2.23). At 
150 Torr over Pd foil (Fig. 2.24, curve 2) and at 180 Torr over Pt foil, the warming-up 
during preheating is much lower, and it is not enough to provide the ignition of 2H2 

+ O2 mixture [22]. 
The measured warming-up at ignition of this mixture (~ 1900 °C) agrees well 

with the literature data accounting for both heterogeneous chain termination and 
heat losses in the reactor of comparatively small diameter (4 cm) [12]. 

Summarizing, in the experiments on 2H2 + O2 ignition over Pd and Pt foils at total 
pressures of 40–180 Torr and T 0 = 20–288 °C, the temperature of the foils during

Fig. 2.24 Measurement of warming-up by the dependence of resistance on temperature in 2H2 
+ O2 using ADC computer based acquisition system. (1) Pd foil, T0 = 288 °C, P0 = 180 Torr, 
ignition occurred; (2) Pd foil, T0 = 288 °C, P0 = 150 Torr, no ignition; (3) Pt foil, T0 = 288 °C, 
P0 = 180 Torr, no ignition 



2.3 Ignition of Hydrogen–Air Mixtures Over Pt at Atmospheric Pressure 59

ignition was measured by both an infrared camera and an ADC based acquisition 
system accounting for the temperature dependence of the metal resistivity. It was 
shown that the temperature of the initiated ignition at 40 Torr over heated Pd foil 
is ~ 100 °C lower than over Pt foil. Even the minimum temperature value (623 °C) 
is sufficient to ignite 2H2 + O2 mixture; i.e., the influence of a catalytic H2 + O2 

reaction over the noble metals is negligible in case of initiated ignition. The presence 
of water vapor prevents ignition. For thermal ignition at 180 Torr and 288 °C over Pd 
foil the catalytic activity of the surface is higher than that over Pt foil. The activity of 
Pd foil reveals itself in both the occurrence of local ignition centers on the foil, from 
which combustion wave propagates, and the dark catalytic reaction of consumption 
of the flammable mixture. 

2.3 Ignition of Hydrogen–Air Mixtures Over Pt 
at Atmospheric Pressure 

In the previous paragraph, it was shown that at subatmospheric pressures the temper-
ature of the initiated ignition at 40 Torr over heated Pd foil is ~ 100 °C lower than 
over Pt foil. This paragraph focuses on the features of catalytic ignition over Pt at 
atmospheric pressure. 

Catalytic chemistry of hydrogen oxidation over noble metals has been investi-
gated in a number of studies [e.g., 43, 44]. For coupled heterogeneous and homoge-
neous combustion systems, however, there are only a few investigations (especially 
at elevated pressures) for hydrogen and hydrogen-containing fuels. The homoge-
neous ignition of fuel-lean and fuel-rich H2/air mixtures over Pt-coated stagnation 
flow surfaces has been investigated at atmospheric pressure by Bui et al. [45], estab-
lishing the impact of equivalence ratio on the ignition temperature. It is essential to 
ascertain the operating conditions (pressure, mixture preheat, catalytic wall temper-
ature, reactor geometrical confinement and residence time), under which gas-phase 
chemistry plays a substantial role, given the growing interest in catalytic combustion 
systems using either hydrogen or hydrogen-enriched fuels [46, 47]. 

We have recently observed [55] cellular combustion regime of 40% H2–air mixture 
in the presence of Pt wire over the interval 270–350 °C (see previous paragraph). 
It was found out that the regime is caused by the catalytic action of Pt containing 
particles formed by decomposition of volatile platinum oxide in the gas phase. As is 
known [2Catalytic ignition, and the related extinction and instability phenomena are 
of practical importance, e.g., in car exhaust catalysis [48], in catalytic afterburning 
[49], in chemical reactors and in catalytic combustion [50]. Catalytic ignition is 
also of purely scientific interest as an incompletely understood critical phenomenon, 
where the system undergoes a transition from one steady-state, essentially controlled 
by surface reaction kinetics, to another steady-state, primarily controlled by mass 
transport [51]. Due to the nonlinear coupling of kinetics, mass and heat transport, the 
same system not only exhibits ignition, but also oscillatory and chaotic behavior [52]. 
In addition, the ignition can yield information about rate constants. Two experimental 
techniques are commonly employed, namely the heated wire technique and the heated
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gas technique [53]. As is stated in [54], ignition is determined by a coupling of the 
preignition surface reaction kinetics and the heat losses. The heated wire technique 
was used in [54]. 

We have recently observed [55] cellular combustion regime of 40% H2–air mixture 
in the presence of Pt wire over the interval 270–350 °C (see previous paragraph). 
It was found out that the regime is caused by the catalytic action of Pt containing 
particles formed by decomposition of volatile platinum oxide in the gas phase. As is 
known [2], thin film of feebly stable, solid platinum forms on platinum surfaces in 
air or oxygen at room temperature and thickens as the temperature is raised to about 
500 °C, when it decomposes. The loss of weight of platinum at higher temperatures 
is attributed to the formation of gaseous platinum oxide, and deposition of platinum 
on cooler surfaces (above about 500 °C) to its disproportionation. It means that the 
molecules or clusters of both platinum oxide and platinum metal exist in gaseous 
phase at temperatures over 500 °C. 

Even against that background, the nature of the source of ignition of H2 over Pt 
remains unclear. 

Thus, the description of ignition of H2 over Pt surface must take into account both 
the heating of the Pt surface due to the catalytic reaction of H2 oxidation, probably 
to the temperature of thermal ignition and desorption of the chain carriers from the 
surface as a result of the same surface reaction. It is possible that the contribution 
of one of these processes could be much less than that from another one. Really, the 
ignition is observed only if Pt surface becomes red-hot [3]. 

The paragraph is focused on the establishment of the comparative contribution 
of the mechanisms of (a) initiation by a surface reaction leading to active centers 
desorption and (b) initiation of the ignition at the expense of only thermal heating 
with Pt surface. 

2.3.1 Experimental 

The experiments were performed with gas mixtures of 40% H2 + 60% air at 270 
÷ 350 °C. A heated cylindrical stainless steel reactor 25 cm in length and 12 cm in 
diameter equipped with demountable covers and an optical quartz window in one of 
the covers (Fig. 2.25) [6, 7, 9].

The accuracy of temperature measurements was 0.3 K. Registration of ignition 
and flame propagation was performed by means of a color high-speed camera Casio 
Exilim F1 Pro (the frequency of shots—600 s−1). A video file was stored in computer 
memory and its time-lapse processing was performed [12–14]. The pumped and 
heated reactor was quickly filled with the gas mixture from a high-pressure buffer 
volume to a necessary pressure. An electromagnetic valve was used to open and 
close gas communications. A pressure transducer recorded pressure in the course of 
bleeding-in and combustion. Either Pt foil 12 × 6 cm and 0.3 cm thick or a Pt wire 
8 cm long and 0.3 cm in diameter were placed in the reactor. The Pt wire was used 
both to ignite the flammable mix and to measure the temperature of the wire as a 
bridge arm. The temperature of the Pt foil during ignition was estimated by means of
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Fig. 2.25 a experimental installation; b Pt foil in the reactor before ignition; c Pt foil in the reactor 
after ignition (the foil is illuminated with 40% H2 + air flame)

a double-beam color pyrometer (Figs. 2.22 and 2.23). Before each experiment, the 
reactor was pumped down to 0.1 Torr. Total pressure in the reactor was monitored 
with a vacuum gauge, and the pressure in the buffer volume—with a manometer. 
Chemically pure gases and 99.99% Pt were used. 

2.3.2 Results and Discussion 

Spatial development of ignition of preliminary prepared 40% H2–air mixtures at 
1 atm pressure was investigated both over Pt foil and over a Pt wire. We remind 
that the temperature of thermal ignition of H2–air mixtures at 1 atm in the reactor 
containing Pt foil [3] is ~ 170 K less than that in the stainless steel reactor without 
the foil. However, Pt foil in the H2–O2 mix can be heated up to the temperature 
value, which could be higher than that of ignition in a stainless steel reactor i.e. the 
temperature of the reactor walls is not the governing parameter of a thermal ignition.
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Delay times of ignition in the mixtures over Pt foil can reach tens of seconds at 
the temperature less than 260 °C in the case of the very first experiment, in which 
the Pt surface has not been treated with active centers of ignition yet. 

In the following series of experiments the temperature of Pt foil during ignition 
was estimated using a two-beam color pyrometer (Fig. 2.26). Because Pt foil is not 
heated up uniformly (see also Fig. 2.25b), in the first experiment the red-hot site of 
the Pt foil was identified; in the second one both beams were directed at that site to 
estimate the temperature. 

As is seen in Fig. 2.26, only a discrete ignition center is brought to red heat (shown 
with a white circle in the frames 25, 40). Because a double-beam color pyrometer 
takes a temperature value between the beams on the surface under investigation, the 
mean temperature value of the region between the beams is measured. 

The temperature is 584 °C at the moment preceding ignition (the ignition occurs 
in the 41st frame). This value is evidently a lower boundary of the actual temperature 
of the ignition center. Really, using a color table of metals (e.g. www.ecolain39.ru) 
the temperature of the active center for the 40th frame of Fig. 2.26 could be roughly 
estimated as ~ 800 °C, the temperature of the red hot part of the foil from Fig. 2.25.b 
is ~ 730 ÷ 800 °C. All the values are in good agreement with each other. In addition, 
the minimum temperature value (584 °C) is already enough to ignite 40% H2 + air 
mix [22]. 

Thus, based on the results obtained one can come to a conclusion that Pt acts as 
a heat source similar to the wire heated by an external source. However, in the case 
under investigation Pt is heated with an internal source, namely a surface catalytic 
reaction.

Fig. 2.26 Registration of the initiation of ignition of 40% H2 + air with Pt foil with a two-beam 
color pyrometer indicating temperature values in °C. An ignition center on the foil is shown with a 
white circle in the frames 25, 40. P0 = 1 atm. T0 = 305 °C 

http://www.ecolain39.ru


2.3 Ignition of Hydrogen–Air Mixtures Over Pt at Atmospheric Pressure 63

To make a closer examination of the role of the surface reaction in the following 
series of experiments, a Pt wire was used both to ignite the flammable mix and 
to measure the temperature of the wire as a bridge arm (Fig. 2.27b). At the same 
time color speed filming was performed. Typical sequences of frames of high-speed 
filming of FF propagation in the gas mixture initiated with a Pt wire are shown in 
Fig. 2.27a. As is seen in the 3rd frame of Fig. 2.27a, in the presence of the Pt wire a 
cellular structure of FF is observed according to published data [34]; the Pt wire is 
red-hot before and after ignition due to catalytic reactions on the Pt surface. 

In Fig. 2.28, the oscillogram of simultaneous registration of the signals from the 
pressure transducer and the Pt wire as a bridge arm are presented. As is seen in 
Fig. 2.28, total pressure in the reactor reaches 1 atm to the moment of the ignition.

Fig. 2.27 a High speed color registration of the initiation and flame propagation in 40% H2 + air 
mix with a platinum wire, 600 frames/s. Numbers in each frame correspond to consecutive number 
of the video image; the first frame is when Pt wire becomes red-hot; b schematic diagram of the 
experimental setup: (1) reactor, (2) electric heater, (3) thermal insulation, (4) valves, (5) mixer, 
(6) digital video camera (or pyrometer in the case of Pt foil, Fig. 2.25), (7) optical window, (8) 
pressure transducer, (9) ADC–computer based data acquisition system, (10) digital voltmeter, and 
(11) measurement bridge, Pt wire is a bridge arm 
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Because (see Fig. 2.27a, frames 1, 2; see also Sect. 2.1) the Pt wire similar to the Pt 
foil is not heated up uniformly, the temperature value measured by means of the Pt 
wire is a lower boundary of the real temperature of the ignition center, which ignites 
the combustible mix. Really, it takes a certain time to warm up the wire, therefore 
the values of the temperature obtained by the method are underestimated. 

Let us estimate the lower boundary value of temperature, which is enough to 
ignite the combustible mixture. One can see from the presented dependencies of the 
temperature on time at Pt initiated ignition (Fig. 2.29) that the difference between 
initial temperatures for e.g. 300 °C (green curve) and 320 °C (blue curve) makes 
0.01 arbitrary units, the difference between initial temperature and the temperature of 
ignition at 5900 ms makes ~ 0.1 arbitrary units. Therefore, the lower boundary value 
of temperature could be estimated as 20 °C (0.1/0.01) ~ 200 °C i.e. the lower limit 
of the temperature of ignition is 500 °C. This value compares well with previously 
obtained ones; it is also consistent with the conclusion made above that Pt acts as a 
heat source similar to the wire heated by an external source.

It should be noted, however, that ignition delays τ for the experiments presented 
in Fig. 2.29 markedly differ: τ (280 °C) = 35 s, τ (300 °C) = 10 s, τ (320 °C) = 7.5 s. 
Thus, as it was already stated above, τ reaches its highest value in the case of the 
first experiment at 280 °C over “fresh” Pt surface, the temperature of ignition is 20° 
lower (red curve) as well. It means that the state of surface of untreated Pt provides 
the lowest ignition temperature. 

In the following experiments the dependence of the surface state of the Pt wire 
(starting from the “fresh” one) on the number of ignitions was studied. 

As is seen in Fig. 2.30, the highest value of a delay period of ignition is observed 
in the first experiment; τ values for Pt surface treated with ignitions are markedly far 
from this value. It is also seen that over “fresh” Pt surface at the moment 4.5 s the 40% 
H2–air mix is about to ignite; approximately by that moment, the ignition over the 
treated Pt surface occurs. Over the fresh surface in the time interval between 4.5 and

Fig. 2.28 Simultaneous 
recording of the pressure 
(red) and the temperature 
with the Pt wire (blue), T0 = 
320 °C P0 = 1 atm. The  
arrow shows the beginning 
of gas admission 
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Fig. 2.29 The dependence 
of the temperature on time at 
initiated ignition of 40% H2 
+ air mix with Pt wire. (1) 
T0 = 280 °C, (2) T0 = 
300 °C, (3) T0 = 320 °C. P0 
= 1 atm. The curves are 
brought into coincidence for 
the delay times of ignition 
differ from each other

14 s the surface somehow reconstructs itself; then ignition takes place. Moreover, the 
curve 1 is placed lower than the others. It means that the dependence of the resistance 
on temperature discerns between “fresh” Pt and treated Pt, i.e. the materials of the 
“fresh” Pt wire and the treated one differ markedly. As is shown in Sect. 2.1, before 
the ignition, Pt surface is coated with a layer of platinum oxide; after ignition, a 
fraction of the layer in the form of ultra-disperse particles of Pt oxide is emitted 
under heating and spreads over the reactor volume. This suggests that after the first 
ignition the platinum oxide layer becomes so thin that it does not have time to be 
recovered. Thus, the first ignition occurs over a thick layer of Pt oxide, the following 
ignitions take place over the surface of another composition, which needs further 
investigation with Auger or XPS methods.

Summarizing, the results obtained in the paragraph allow one concluding that 
in the reaction of hydrogen combustion, metallic Pt acts as a heat source similar 
to (say) a tungsten wire heated by an external source. However, in the case under 
investigation, Pt is heated with an internal source, namely a surface catalytic reaction. 
It must be also taken into account that the composition of the surface layer changes 
during ignitions from Pt oxide (PtO2) to another composition, exhibiting properties 
different from PtO2. 

2.4 Surface Modes of Catalytic Ignition of Flammable 
Gases Over Noble Metals 

In the previous paragraph, we showed that the chemical composition of the surface 
changes during ignitions from Pt oxide to another one, which implies the possibility
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Fig. 2.30 Dependence of 
the ignition delay of 40% 
H2–air mix over the Pt wire 
on the number of ignitions 
(1–5). P0 = 1 atm. T0 = 
304 °C

of occurrence of different surface modes of catalytic ignition depending on the degree 
of surface treatment with ignitions. 

The challenges in the safety of producing, transporting and storing hydrogen 
supplies need to be fixed before extensive use of hydrogen as a common fuel. One of 
the main hazards is accidental ignition, since hydrogen has much wider flammability 
limits than most conventional fuels [56]. One of the possible sources of ignition is a 
hot surface. Thus, it is important to be able to establish and avert conditions, under 
which the ignition can take place when a hydrogen-oxidizer mixture is exposed to a 
hot surface when entering a tube or a storage chamber. However, hydrogen is difficult 
to be ignited by compression and some additional igniter, for instance a glow plug, 
is used [57]. Therefore, the design of combustion devices requires information about 
a hot surface ignition. 

The catalytic combustion of hydrogen is of interest because catalytic hydrogen 
combustion devices operate at comparatively low temperatures and can work without 
CO2 and NOx emissions [58]. For H2 combustion reaction, the catalysts should 
possess thermal stability; these should be able to ensure that H2 oxidation occurs 
without incidental explosion. That fully applies to noble metals as catalysts. In addi-
tion, information on H2 and O2 reactions on the catalyst surface is important for under-
standing the mechanisms of many commercialized processes such as preferential 
oxidation and H2 combustion. 

Catalytic converters are the main exhaust gas treatment system in automobiles 
and other devices; these utilize an oxidation reduction process to reduce toxic emis-
sions. In order to stimulate the reaction, noble metals are used as catalyst materials. 
However, Pt based catalysts are not effective enough with methane; Pd catalyst can 
provide higher methane conversion [59]. Pd seems to be more usable for hydrogen 
recombiners in NPP, because catalytic particles as ignition centers formed by decom-
position of volatile oxide do not appear in gas phase as compared to Pt [16]. The
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experimental value of the effective activation energy of the process is estimated by 
different methods as ~ (3.5 ± 1.5) kcal/mol that is characteristic of surface processes 
[60]. It indicates the noticeable role of the dark reaction of consumption of H2 and 
O2 observed directly at low pressures [60]. The occurrence of that reaction reduces 
the probability of accidental explosion. 

The interest is renewed recently to localized hydrogen generation with a focus on 
hydrocarbon reforming process [61], where methane is one of the prime sources and 
Rh or Pt are main catalysts of hydrocarbon to hydrogen conversion [62]. Autothermal 
reforming as a means of hydrogen production has been gaining academic and research 
interest due to its thermodynamically neutral nature and feasible operating conditions 
[63]. A number of experimental studies have been performed to investigate ignition 
of hydrogen by a hot surface. We will focus on the main ones, in our opinion. As 
we mentioned above, Warnatz and coworkers [64] studied catalytic combustion and 
ignition of hydrogen using detailed kinetic mechanisms for both surface and gas-
phase reactions. Deutschmann et al. [65] studied catalytic ignition of different fuels 
on different catalyst materials. In their numerical simulations, they showed that one or 
the other reactant almost covers the surface before ignition. In a series of experiments 
with very thin catalytic wires, Rinnemo et al. [54] determined the critical ignition 
temperature of hydrogen mixtures as a function mainly of the mixture composition. 
Kalinchak et al. [66] presented the analysis for the catalytic ignition using a simplified 
model for the heterogeneous chemistry. The results reveal a lack of universality of 
the ignition temperature concept and the need of a more profound understanding of 
the problem for example, homogeneous heating of the catalyst is postulated, which, 
as can be seen from our experiments, does not correspond to reality. Therefore, the 
peculiarities of ignition of H2 over noble metals remain not clear enough. 

This paragraph focuses on experimental studies of hydrogen and hydrogen-
propane ignition over Pd wire and Pd foil at total pressures 1 ÷ 2 atm and initial 
temperatures of 60 ÷ 270 °C using high speed cinematography to establish the 
peculiarities of ignition on the noble metal surface. 

2.4.1 Experimental 

The experiments were performed with stoichiometric gas mixtures (H2 + 30 ÷ 
70% C3H8)stoich + air and 40% H2 + air. The reactor used in experiments was a 
heated stainless steel cylinder 25 cm in length and 14 cm in diameter, equipped with 
demountable covers and an optical sapphire window in one of the covers (Fig. 1 
[67]). The pumped and heated reactor was filled with a gas mixture from a high-
pressure buffer volume to 1 atm. Catalytic ignition was provided by Pd wire (0.3 mm 
thick and 80 mm long) or Pd foil (0.07 mm thick, 30 mm in width and 80 mm in 
length, half rolled-up into a tube, see Fig. 2.31). The experiments on the detection 
of initial ignition centers on the catalytic wire using speed cinematography were 
performed at total pressure 1 atm by means of a color high-speed camera Casio 
Exilim F1 Pro (frame frequency ÷ 600 s−1) and a high-speed PHANTOM camera
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Fig. 2.31 a High-speed filming of the catalytic ignition of a 40% H2 + air mixture over Pd wire, 
the frame to the left is the appearance of the wire heated at 1 Torr by an external source. 600 frames 
s–1, T0 = 60 °C, P0 = 1 atm.  b High-speed filming of the catalytic ignition of a mixture (70% H2 
+ 30% C3H8)stoich + air over Pd wire. 600 s–1, T0 = 61.5 °C, P0 = 1 atm.  c High-speed filming 
of the catalytic ignition of a mixture (70% H2 + 30% C3H8)stoich + air over Pd wire, 600 s–1, T0 
= 61.5 °C, P0 = 1 atm,  d High-speed filming of the catalytic ignition of a mixture 40% H2 + air 
over Pd wire, 1200 s–1, T0 = 154 °C, P0 = 1 atm. White circles highlight primary ignition centers. 
The first frame corresponds to the moment of the occurrence of a primary ignition center 

with a speed up to 10,000 s−1 sensitive in the spectral range of 420 ÷ 740 nm. The 
accuracy of temperature measurements was ± 0.3 K. Before each experiment, the 
reactor was pumped down to 10–2 Torr. Total pressure in the reactor was monitored 
with a vacuum gauge, and the pressure in the buffer volume was monitored with a 
manometer. Chemically pure gases and 99.85% Pd were used. 

2.4.2 Results and Discussion 

Typical frame sequences of the catalytic ignition at 1 atm of (a) 40% H2 + air mixture 
over Pd wire, (b, c) (70% H2 + 30% C3H8) stoich + air at 61.5 °C over Pd wire, and 
(d) 40% H2 + air over Pd foil at 154 °C are shown in Fig. 2.31. In accordance with 
published data [16, 67], Pd wire/foil becomes red-hot before and after ignition due to 
catalytic reactions on Pd surface. Ignition temperature over Pd wire is lower for (70% 
H2 + 30% C3H8)stoich + air mixture than over Pd foil for more flammable 40% H2 + 
air due to due to the higher rate of heat removal from the hot primary ignition center, 
determined by the section of the heat conductor, which is noticeably higher for the
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foil. As is seen in Fig. 2.31, the wire is not heated up uniformly (compare frames 1–3 
with the left frame in Fig. 2.31a; localized initial centers of ignition can be clearly 
seen in corresponding frames in Fig. 2.31b–d. As is seen, the location of a primary 
ignition center changes from ignition to ignition (Fig. 2.31b, c frame 2). The result 
is consistent with that we obtained in [5]: the gaseous process of ignition of H2–air 
and hydrocarbon–air mixtures at atmospheric pressure begins with the occurrence 
of an initial center at the most chemically active site of the surface. 

All experiments on high-speed registration of catalytic ignition of the mixture 
40% H2 + air over Pd foil with Phantom camera have shown that the initial center 
of ignition originates on the reactor surface (Fig. 2.32a, 4000 s–1); in subsequent 
experiments under the same conditions, the site of origin of the initial center varies 
(Fig. 2.32b). It should be noted that the high-speed filming of the developing catalytic 
ignition of the mixture 40% H2 + air over Pd foil (10,000 s–1) shows the movement 
of gas to the center of the reactor after touching the reactor walls. Pay attention to the 
movement of dust particles torn from the walls towards the center (frames 32, 36) 
and subsequent strong heating of the reaction products due to compression (Mahe 
effect [68]). 

This means that the initiation of the thermal ignition process is always determined 
by the presence of active centers on the surface, the properties of which are deter-
mined by both surface defects having an excess of free energy and their catalytic 
properties; the ignition process includes stages of warming-up, local ignition, and 
flame propagation. The chemical activity of various sites of the surface changes 
from one ignition to another. The basic feature of ignition process lies in the fact that 
ignition occurs at separate sites of surface at a uniform temperature of the reactor

Fig. 2.32 a High-speed filming of the catalytic ignition of the mixture 40% H2 + air over Pd foil, 
4000 s–1, T0 = 150 °C, P0 = 1 atm. The first number of the frame corresponds to the moment of 
the occurrence of the primary ignition center. b Photos of the flame initiation with catalyst for two 
subsequent experiments taken from high-speed filming of the catalytic ignition of the mixture 40% 
H2 + air over Pd foil, 10,000 s–1, T0 = 150 °C, P0 = 1 atm. High-speed filming of the developing 
catalytic ignition of the mixture 40% H2 + air over Pd foil, 10,000 s–1, T0 = 150 °C, P0 = 1 atm.  
c High-speed filming of the developing catalytic ignition of the mixture 40% H2 + air over Pd foil, 
10,000 s–1, T0 = 150 °C, P0 = 1 atm. The first number of the frame corresponds to the moment of 
the occurrence of a the primary ignition center 
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surface. Therefore, combustion originates on the surface of uniformly heated reactor 
even under conditions of almost homogeneous warming up of a gas mixture. 

It should be noted in this connection that the ignition of the combustible mix in the 
heated reactor in swirling flow is on the contrary homogeneous [8]. If the swirling 
flow is missing in the installation, as it takes place under conditions of this work, 
the ignition is heterogeneous, i.e. the regimes of thermal ignition differ qualitatively. 
These regimes are not evidently determined with reaction kinetics, which remains 
the same; these are governed in fact with only gas dynamics. It means that if the 
researcher applies e.g., a by-pass method, he has to make certain estimations of the 
geometry of the flow in the installation to exclude the factors, which should hinder 
obtaining the results required. The factors cannot be reduced to the comparison of 
characteristic times of homogeneous chemical and gas dynamic processes; in this 
case, heterogeneous reactions must be taken into account. 

2.5 Hydrogen and Deuterium Ignition Over Noble Metals 
at Low Pressures 

Based on the results obtained in previous paragraphs, it can be concluded that the 
information obtained is now sufficient to give a qualitative description of the ignition 
mechanism of the catalytic surface. This paragraph also establishes the features of 
deuterium combustion over noble metals. 

As we stated above, the development of the technology of catalytically stabilized 
combustion requires the development of catalysts with increased activity and thermal 
stability. This requires an understanding of the nature of catalytic surface processes, 
knowledge of the detailed low-temperature homogeneous kinetic mechanism and its 
relationship with the mechanism of heterogeneous chemical transformations. The 
homogeneous ignition in a catalytic reactor threatens the integrity of the reactor and 
the working space, therefore the possibility of preventing such an event is of primary 
interest for the design of the reactor. Ignition in the gas phase is determined by the 
interrelation of heterogeneous and homogeneous factors (catalytic fuel consump-
tion, adsorption/desorption reactions involving radicals). Therefore, reliable control 
of homogeneous ignition requires knowledge of the combustion mechanism in the 
presence of catalyst. In order to stimulate the reaction, noble metals such as Pt, Rh, 
Ru and Pd are used as catalyst materials. Pt based catalysts are not effective enough 
with methane; however, Pd catalyst can provide higher methane conversion [59]. The 
peculiarities of catalytic action of noble metals have been under discussion. Noble 
metals influence the flammability of hydrogen–methane blends differently. It was 
shown that the ignition temperature of the mixture 40% H2–air over Pd metal (70 °C, 
1 atm) is ~ 200° less than over the Pt surface (260 °C, 1 atm) [69]. Furthermore, 
Pd ignites stoichiometric mixes (30 ÷ 60% H2 + 70 ÷ 40% CH4) + air [θ = 1, 
equivalence ratio θ is a fraction of fuel in the mix with air: θ H2 + 0.5 (O2 + 3.76 
N2)]; metallic Pt cannot ignite these up to 450 °C, i.e. Pd is more effective than Pt.
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It was also shown that the cellular structure of a flame front at hydrogen ignition 
with Pd is not observed in contrast to Pt surface. Thus, Pd seems to be more usable 
for hydrogen recombiners in NPP, because no catalytic particles as ignition centers 
formed by decomposition of volatile oxide can appear in gas phase in contrast to Pt 
[16]. The experimental value of the effective activation energy of catalytic ignition 
over Pt is ~ 18 kcal/mol and is close to one of H + O2 branching step [22]; the value 
over Pd is ~ 3.5 kcal/mol that is characteristic of surface processes [69]. It indicates 
the noticeable role of the dark reaction of consumption of H2 and O2, also referred to 
as “flameless combustion”, which is observed at low pressures [70]. The occurrence 
of that reaction evidently reduces the probability of an accidental explosion. 

A number of experimental studies has been performed to investigate the hydrogen 
ignition by a hot surface. Williams et al. [71] proposed a model for the catalytic 
combustion of hydrogen at high temperatures. Warnatz and coworkers [64] studied 
the catalytic combustion and ignition of hydrogen using detailed kinetic mechanisms 
for both surface and gas-phase reactions. Deutschmann et al. [65] studied the catalytic 
ignition of different fuels on different catalyst materials. In their numerical simula-
tions, they showed by numerical calculations that one or the other reactant almost 
covers the surface before ignition. In a series of experiments with very thin catalytic 
wires, Rinnemo et al. [54] determined the critical ignition temperature of hydrogen 
mixtures as a function mainly of the mixture ratio. Kalinchak et al. [66] presented 
an analysis for the catalytic ignition using a simplified model for the heterogeneous 
chemistry. It should be noted that most of the rate constants for detailed mechanisms 
have obviously not been determined experimentally, so one should not expect predic-
tive properties from such a calculation. In all works, the heating of the catalytic wire 
in the reaction is considered homogeneous, which does not agree with our exper-
imental data. The results obtained indicate the need for a deeper understanding of 
the problem, since the available calculated data do not even describe the experiment 
qualitatively. 

It is known that hydrogen and deuterium form binary intermetallic 
hydrides/deuterides with palladium, thus, the features of ignition over the surfaces 
of hydrides of noble metals have been a subject of investigation in this work. Unlike 
many known metallic hydrides, very little macroscopic deformation of the palla-
dium lattice occurs, and the mechanical properties of the hydride are very similar to 
those of pure metal. There have been almost 150 years of active research into the 
palladium hydride/deuteride system up to now. Numerous literature reviews have 
been published on the system [72]. In 1957, the first diffraction patterns of β-PdH 
and β-PdD were recorded [73]. There is the “inverse isotope effect” observed [74] 
whereby heavier hydrogen isotopes have a higher critical temperature at similar 
H/D/T loading. Similar “inverse isotope effects” can also be found in the rate of 
diffusion of hydrogen isotopes through the palladium lattice. At low temperatures, 
hydrogen isotopes exhibit an “inverse isotope effect” (where heavier isotopes diffuse 
faster than their lighter counterparts do). 

The current paragraph focuses on experimental studies of low-pressure hydrogen 
and deuterium combustion over Rh, Ru, Pd and Pt wires at total pressures from 10 to 
180 Torr and initial temperatures over the range 200 ÷ 500 °C in order to establish the
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dependencies of catalytic ignition limits over noble metal surfaces on temperature 
and to indicate the governing factors of the problem of gas ignition by a catalytic 
surface. A macrokinetic study of the chemical properties of the two lighter hydrogen 
isotopes (protium and deuterium) dissolved in rhodium and palladium, namely the 
study of the influence of hydrides and deuterides of noble metals on hydrogen and 
deuterium combustion, is performed. 

2.5.1 Experimental 

The experiments were performed with stoichiometric gas mixtures 2H2/D2 +O2. The  
reactor was a quartz one 4 cm in diameter and 30 cm long heated up with an electric 
furnace (Fig. 2.33); the temperature was controlled by a thermocouple. The reactor 
was supplied with an optical quartz window on its butt-end. The reactor was used 
for studying thermal/catalytic ignition provided by Pd and Pt wires (0.3 mm thick 
80 mm long) as well as Rh and Ru samples, which were made by electrochemical 
deposition of Rh or Ru layers 15 μm thick on Pd wire (0.3 mm thick 80 mm long). 
Pd was chosen because its coefficient of thermal expansion is the closest to those of 
Rh and Ru [75], since Ru metal is fragile and one cannot stretch it into wire; Rh wire 
is relatively expensive. The accuracy of temperature measurements was ± 0.3 K. 
Registration of ignition and flame propagation was performed by means of a color 
high-speed camera Casio Exilim F1 Pro (frame frequency –600 s−1) sensitive in the 
spectral range of 420–740 nm. 

The overall intensity of chemiluminescence in the reactor was recorded with 
a FD—24 photodiode (Fig. 2.33, 12). A video recording was turned on at an 
arbitrary moment before the mixture was injected into reactor. A video file was 
stored in computer memory; a Nikon 1J2 digital camera was used for video 
recording (Fig. 2.33, 7). The pumped and heated reactor was filled with a gas mixture 
from a high-pressure buffer volume to necessary pressure, the resistance of the wires

Fig. 2.33 Schematic of the experimental installation for the study of thermal/catalytic ignition 
over the wire. (1) electric furnace, (2) quartz reactor of 4 cm in diameter and 30 cm long, (3) 
vacuum feed-through, (4) vacuum valve, (5) rotating mirror, (6) thermocouple, (7) millivoltmeter 
for thermocouple, (8) ADC computer based system, (9) Nikon 1J2 digital camera, (10) computer, 
(11) noble metal wire, (12) FD-24a photodiode, (13) gas inlet, to pressure gauge, to the pump 
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during ignition was measured. The ignition limit pressure was considered as a mean 
pressure P Torr, at P + 0.02 P the ignition occurs, at P − 0.02 P it does not occur, all 
other things being equal. The pump-down time between experiments was 30 min. 
The ignition limit was measured at increasing pressure with a step 2 Torr until the 
ignition occurred (when increasing temperature from a state of no ignition) and at 
decreasing pressure with a same step until the ignition was no longer observed (when 
decreasing temperature from a state of a catalytic ignition). 

The microstructure of Pd foils was examined using field emission, ultra-high reso-
lution scanning electron microscope (SEM) Zeiss Ultra Plus (Germany) equipped 
with X-ray Microanalysis console INCA 350 Oxford Instruments. 

The mean temperature of the wire during ignition was recorded by an ADC based 
acquisition system, taking into account the temperature dependence of metal resis-
tivity during computer analysis of the signal. Before each experiment, the reactor 
was pumped down to 10–2 Torr. Total pressure in the reactor was monitored with a 
vacuum gauge (Fig. 2.33, 10), and the pressure in the buffer volume was monitored 
with a manometer. Chemically pure gases, 99.99% Pt and 99.85% Pd were used. 

2.5.1.1 Hydrogen Ignition Over Rhodium, Ruthenium, Palladium 
and Platinum 

Ignition limits in conventional P–T coordinates [22] of thermal/catalytic ignition of 
2H2 + O2 mixture over Pt, Pd, Ru/Pd and Rh/Pd were determined. The experiments 
showed that in the absence of ignition in the vicinity of the explosion limit, total 
pressure in the reactor decreases by one third without explosion; i.e., the reaction 
proceeds to completion. It is essential to note that, after previous ignition, the water 
vapor should be completely pumped out of the reactor prior to the next experiment; 
otherwise, the ignition may not occur. 

As is shown in Sect. 2.4 (Fig. 2.31) and in accordance with published data [16, 
70], Rh/Pd wire becomes red-hot before and after ignition due to catalytic reactions 
on catalytic surface. As is seen in Fig. 2.31, the wire is not heated up uniformly 
(compare frames 1–3 with the left frame in Fig. 2.31a); initial centers of the ignition 
can be clearly seen in frame 3 in Fig. 2.32b, c. As is seen, the location of a primary 
catalytic center changes from ignition to ignition. Hence, because it takes a certain 
time to warm up an entire wire, the temperature values obtained from the change 
of resistance are underestimated and correspond to the average temperature of the 
wire. The difference in the temperature of the noble metal surface at the moment 
preceding ignition and the temperature of the primary ignition center on the surface 
when ignited, is estimated in [16, 70] and it can reach ≥ 200° at 1 atm [70]; at lower 
pressures it should be less due to chain termination and heat losses (see below). 

We showed earlier that the ignition of 2H2 + O2 mixture over Pt wire in the 
reactor similar to described in this work, does not occur at total pressures lower than 
180 Torr at 288 °C [70]. We reported also [16, 76] that the thermal/catalytic ignition 
of 40% H2 + air mixture at 1 atm over Pt already occurs at 260 °C in the reactor 
140 mm in diameter. Thus, at lower pressures the heterogeneous chain termination
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on the reactor walls as well as heat losses should be taken into account along with 
catalytic activity and the state of the surface. It was shown in [70], that at a total 
pressure of 180 Torr the mean time for a particle to reach the wall in the reactor with 
a smaller radius is much less than that for the reactor with a radius of 7 cm at 1 atm. 
Thus, the role of chain termination increases with a decrease in a reactor diameter. 
The same applies to heat losses. 

The monitoring of ignition dynamics 2H2 + O2 using the temperature dependence 
of resistance by means of ADC computer based acquisition system of Rh/Pd and 
Ru/Pd wires is shown in Fig. 2.34a, b correspondingly. According to our experiments, 
the activity of catalytic wire is expressed in the occurrence of local ignition centers 
on the wire (see Sect. 2.3 and Fig. 2 [19], where local ignition centers on the Pt 
foil are clearly observed in the frames, (Fig. 2.22), from which combustion wave 
propagates. It is expressed as well in the dark catalytic reaction of the consumption 
of 2H2 + O2 mixture. The preheating catalytic process provides the warming-up, 
which is enough to ignite the mixture [16, 40, 77]. As is outlined above, the value 
of the warming-up temperature is underestimated because the wire is nonuniformly 
heated during ignition (Fig. 2.31). 

Auto–ignition areas of 2H2 + O2 mixes over the catalytic wires are presented in 
Fig. 2.35 in P–T coordinates. As is seen in Fig. 2.35, Rh is the most active surface, 
Ru and Pd surfaces are less active; their catalytic activity is approximately the same.

Fig. 2.34 Measurement of chemiluminescence by the photodiode and average value of the 
warming-up by the dependence of resistance on temperature in 2H2 + O2 using ADC computer 
based acquisition system, a over Rh/Pd wire, (1) ignition recorded with FD-24a photodiode, T0 = 
233 °C, P0 = 139 Torr; (2) mean temperature of the wire, T0 = 233 °C, P0 = 139 Torr, ignition 
occurred; (3) mean temperature of the wire, T0 = 231 °C, P0 = 135 Torr, no ignition. b over 
Ru/Pd wire, (1) ignition recorded with FD—24 a photodiode, T0 = 310 °C, P0 = 99 Torr; (2) mean 
temperature of the wire, T0 = 310 °C, P0 = 99 Torr, ignition occurred; (3) mean temperature of 
the wire, T0 = 310 °C, P0 = 95 Torr, no ignition 
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Fig. 2.35 Thermal/catalytic ignition areas of 2H2 + O2 mixes over noble metal wires in pressure– 
temperature coordinates. The arrow oriented upwards corresponds to a procedure of increasing 
temperature from a state of no ignition (bottom-up approach) and the arrow oriented downwards 
corresponds to decreasing temperature from a state of catalytic ignition (top-down approach). To 
the right of each curve the ignition occurs, to the left—the ignition does not occur 

Notice that the hysteresis phenomenon is observed over Ru, Pt and Pd wires. The 
ignition limit value measured over the wire, which is not treated with ignitions (when 
increasing temperature from a state of no ignition), is higher than the value measured 
when decreasing temperature from a state of catalytic ignition; the same applies to 
the delay periods of ignition. The delay periods measured when decreasing temper-
ature from a state of catalytic ignition do not exceed a few seconds; though these 
measured when increasing temperature from a state of no ignition reach 120 s. The 
higher ignition limit obtained by increasing temperature from a state of no ignition 
is reversible and may be attained again after several ignitions or by reactor treatment 
with air or O2. This means that the surface state and probably its composition (see 
below) of noble metal changes in the course of ignitions. Because the ignition limit 
returns to its original value after a certain treatment, the surface state is restorable. 
Thus, the ignition limit permanently decreases after first ignition until it reaches the 
lowest value, which can be measured when decreasing temperature from a state of 
the first catalytic ignition; the treatment with air or O2 restores the ignition limit to 
its original value. The nature of this phenomenon needs further investigation. 

The hysteresis phenomenon observed means that the catalytic surface changes 
its state after ignition in agreement with [16, 40, 77, 78]. Meanwhile, as is seen in 
the Figure, Rh surface does not exhibit the phenomenon; the ignition limit values 
measured by both procedures are practically equal. There can probably be a difference 
in the values for upwards and downwards temperature change, but we cannot resolve 
it with our experimental procedure. As outlined below, this may be due to the fact 
that though at 600 ÷ 800 °C, an oxide Rh2O3 film forms on Rh surface, but when 
the temperature rises to 1000 °C, the oxide film on Rh surface decomposes to metal 
again; thus, the surface does not change its composition.
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The morphology of Rh, Ru and Pd wires before and after 50 ignitions (at initial 
pressure 100 Torr) was studied. We did not examine Pt wire, because after ignition 
it is quickly covered with PtO2 oxide [16]; thus, the change in surface appearance 
cannot be reliably visualized. The results of electron spectroscopy investigation are 
presented in Fig. 2.36. 

As is seen, untreated samples represent the surface with rolling marks (Fig. 2.36, 
first micrographs on the left, no ignition). In the samples treated with ignitions, 
the defects in the form of openings develop (Fig. 2.36, after ignitions). Their depth 
reaches < 1 μm in the case of Pd and Rh/Pd wires. These defects seemingly focus 
on etching patterns; the etching substances are evidently active intermediates of H2 

oxidation. As is seen in Fig. 2.36, the interaction of 2H2 + O2 reaction with Pd and 
Ru is most pronounced as compared to Rh surface, this may be the reason for the 
lack of hysteresis phenomenon; this is evidently due to the chemistry of the noble 
metals. 

In [77], PdO particles were observed by means of speed color cinematography. 
The particles originate in the process of oxidation of Pd surface; these partially 
decompose to Pd and O2 at the temperature of flame products. This means that the

Fig. 2.36 SEM micrographs of the wire surface: of initial wire, of treated wire by 50 ignitions. 
Arrows indicate the etching patterns 
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catalyst (Pd) is consumed in the reaction of chemical etching with (most likely) 
active intermediates of the flame; however, the rate of this consumption is markedly 
smaller than in the case of Pt. As is known [78], freshly recovered ruthenium in a 
finely fragmented state reacts with oxygen quite intensively, warming up to the red 
crippling temperature. Heating the metal ruthenium under an oxygen atmosphere to a 
temperature of 1000 °C results in the formation of a solid RuO2 oxide on the surface. 
At temperatures above 700 °C, weight losses are observed due to the formation of 
volatile RuO4 oxide; thus, Ru is also consumed in the course of combustion. 

As is shown in [79], rhodium, when heated in the air, has a peculiar behavior. 
At a temperature of 600–800 °C, an oxide Rh2O3 film forms on its surface. When 
the temperature rises from 800 to 1000 °C, the oxide film on the rhodium surface 
decomposes to metal and oxygen again. It means that Rh is consumed in the least 
degree in reaction with the intermediates of the combustion process; it agrees with 
the experiment presented in Fig. 2.36. 

We mentioned above that there are some discrepancies in the analysis of the 
problem on ignition of flammable gas mixtures with a catalytic wire. In the work 
[65], in the experiments for determination of the catalytic ignition temperature, the 
flammable mixture flew slowly at atmospheric pressure around a catalytic wire or 
there was a stagnation flow toward a catalytic foil. The temperature of the cata-
lyst was increased by a stepwise increase of the current applied to the catalyst, i.e. 
the catalyst was heated by an external source. However, in [80], the calculations of 
catalytic ignition temperature were compared with the data [65], which is not correct. 
In addition, under flow conditions the ignition temperature of H2–O2 mixes over Pd 
foil decreases for leaner mixtures [65]; this feature is in agreement with calcula-
tions [65, 80]. On the contrary, under static conditions in a heated chemical reactor 
with a Pd wire inside, the catalytic ignition temperature of H2–O2 mix increases 
with an increase in H2 concentration in a flammable mixture [76]. In ref. [65], the 
detailed mechanism of adsorption–desorption and surface oxidation of hydrogen on 
platinum is considered, elementary constants of 23 elementary reactions are given. 
It is obvious that these constants are estimates obtained from general considerations 
rather than experimental values; therefore, the reliability of the calculations is some-
what doubtful. In all the works considered above, as well in [54, 66] it is assumed 
that the temperature of the wire is uniform; this is contrary to the experiment shown 
in Fig. 2.31. These facts must be taken into account in the further consideration. 

2.5.1.2 Observation of a Kinetic Inverse Isotope Effect in Chain 
Branched Ignition of 2H2 + O2 and 2 D2 + O2 Over Rh and Pd 

As it was stated above, there is the “inverse isotope effect” observed in [74] whereby 
heavier hydrogen isotopes have a higher critical temperature at similar H/D/T loading, 
in addition, heavier isotopes diffuse faster than their lighter counterparts. Below is 
described the detection of “kinetic inverse isotope effect”, which is that 2D2 + O2 mix 
over both, Rh and Pd deuterides, is more flammable than 2H2 + O2 mix. In addition, 
Rh and Pd hydrides have proven to be less reactive than appropriate deuterides.
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We have shown above that Rh is the most effective catalyst of 2H2 + O2 ignition, 
the lowest limit of catalytic ignition occurs over Rh wire, the minimum temperatures 
of catalytic ignition limits over Ru and Pd are ~ 100° higher, their catalytic activity 
is approximately the same. Notice that the hysteresis phenomenon is observed over 
Ru, Pt and Pd wires, namely the ignition limit value measured over the wire, which 
is not treated with ignitions (a procedure of increasing temperature from a state 
of no ignition) is higher than the value measured with a procedure of decreasing 
temperature from a state of catalytic ignition. The ignition limit is reversible: after 
reactor treatment with air or O2, the ignition limit returns to the value corresponding 
to a procedure of increasing temperature from a state of no ignition. It means that 
the catalytic surface changes its state after ignition in agreement with [16, 69, 77]. 
Meanwhile, as is seen in Fig. 2.35, Rh surface does not exhibit the phenomenon; 
the ignition limit values measured by both procedures are equal within the limits 
of experimental procedure error. Below are presented experimental studies of low-
pressure hydrogen and deuterium combustion over Rh and Pd wires at total pressures 
from 10 to 180 Torr and initial temperatures of 90 ÷ 500 °C, particularly in order 
to compare the dependencies of flammability limits over surfaces of noble metal 
hydrides/deuterides on temperature. 

Catalytic ignition limits in P–T coordinates [22] of catalytic ignition of 2D2 + O2 

mixtures in comparison with 2H2 + O2 ones over Pd and Rh/Pd were determined. 
The dependencies are shown in Fig. 2.38. As is seen in Figs. 2.37 and 2.38, the  
certain procedure is needed to achieve catalytic ignition on untreated Rh/Pd wire. 
First, the wire was kept in the reactor filled with 500 Torr of D2 for 2 h at 200  °C.  
Then the reactor was filled with the mix 2D2 + O2 at given pressure and temperature 
(points 1, 2) and then in 10 min after gas input the reactor was pumped out. Then 
at the point 3 catalytic ignition occurred. Further, the pressure and temperature of 
each following ignition markedly decreased. It means that the material of the wire 
absorbed deuterium enough for ignition to occur; in this case, rhodium deuteride was 
evidently formed. Notice that Rh deuteride is comparably stable.

Rhodium deuteride maintains its properties after 2H2 + O2 ignitions treatment. We 
did not observe any noticeable substitution of D by H with hydride formation, because 
the ignition limit of either mixture (2H2 + O2 and 2D2 +O2) after 2H2 + O2 ignitions 
kept its value for days for any given temperature from the interval investigated. As 
is seen in Fig. 2.37, Rh deuteride is the most active surface for both 2H2 + O2 and 
2D2 + O2 ignitions; for the latter mix one can obtain the catalytic ignition at ~ 
100 °C; 2H2 + O2 mixture over Rh deuteride ignites at higher temperatures, thus, 
D2 is more flammable than H2 over Rh deuteride (“kinetic inverse isotope effect”). 
Notice that the hysteresis phenomenon is not observed over Rh/Pd wire. It means 
that the catalytic surface does not noticeably change its state and composition after 
ignition. 

The dependencies of catalytic ignition limits of thermal/catalytic ignition of 2D2 

+ O2 mixtures in comparison with 2H2 + O2 ones over Pd are shown in Fig. 2.38. 
As is seen in Fig. 2.38, a similar procedure as for Rh/Pd wire (see Fig. 2.37) 

must be performed to obtain catalytic ignition on untreated Pd wire. The end of the 
procedure means that Pd has absorbed deuterium in an amount sufficient to ignite



2.5 Hydrogen and Deuterium Ignition Over Noble Metals at Low Pressures 79

Fig. 2.37 Catalytic ignition areas of 2H2 + O2 and 2D2 + O2 mixes over Rh/Pd wire in pressure– 
temperature coordinates. To the right of each curve the ignition occurs, to the left—the ignition 
does not occur. Points 1–5 mean the order of processing of “fresh” Rh/Pd wire to obtain ignition. 
Before point 1, the wire was kept in the reactor filled with 500 Torr D2 for 2 h at 200 °C 

Fig. 2.38 Catalytic ignition areas of 2H2 + O2 and 2D2 + O2 mixes over Pd wire in pressure– 
temperature coordinates. To the right of each curve the ignition occurs, to the left—the ignition does 
not occur. Points 1–5 mean the order of processing of “fresh” Pd wire to obtain ignition. Before 
point 1, the wire was kept in the reactor filled with 500 Torr D2 for 2 h at 200  °C

a flammable mixture; in this case, palladium deuteride was formed. Pd deuteride is 
also comparably stable. It maintains its properties after treatment with tens 2H2 + 
O2 ignitions. Any substitution of D atoms by H ones with hydride formation was 
not observed; pressure ignition limit of either mixture (2H2 + O2 and 2D2 + O2) 
after 2H2 + O2 ignitions kept its value for days for any given temperature from the 
interval investigated. 

As is seen in Fig. 2.38, Pd deuteride is also the most effective catalyst of 2H2 + 
O2 ignition, whereas the lowest ignition temperature of 2D2 + O2 over Pd deuteride 
is 110 °C for total pressures < 200 Torr. As in the case of Rh deuteride, 2H2 + O2 

mixture over Pd deuteride ignites at higher temperature. Notice that the hysteresis
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phenomenon is now observed over Pd deuteride; the limit values of both 2H2 + O2 

and 2D2 + O2 ignition measured with a procedure of increasing temperature from a 
state of no ignition are higher than the value measured with a procedure of decreasing 
temperature from a state of catalytic ignition. The ignition limit is reversible: after 
reactor treatment with O2, the ignition limit returns to the highest value corresponding 
to a procedure of increasing temperature from a state of no ignition, i.e. the catalytic 
surface changes its state after ignition. However, hysteresis phenomenon is weakly 
expressed: at 300 °C the values of ignition limits determined with a procedure of 
increasing temperature from a state of no ignition and with a procedure of decreasing 
temperature from a state of catalytic ignition are almost equal. 

The most interesting result is that 2D2 + O2 mix over both, Rh and Pd deuterides, 
is more flammable than 2H2 +O2 mix. In addition, Rh and Pd hydrides have proven to 
be less active than appropriate deuterides. The results obtained indicate the existence 
of a “kinetic inverse isotope effect”, which affects the reactivity of MeH and MeD, 
where Me = Rh, Pd. Nevertheless, the revealed feature is not due to gas ignition, 
because the rate constant of chain branching in D2 + O2 ppocecce ignition (D + O2 

→ OD + O; k = 9.1013 exp (−7500/T) cm3/ molecule s) is smaller than in H2 + O2 

ignition (H + O2 → OH + O; k = 2.1014 exp (−8450/T) cm3/molecule s) [81]. 
It is worthwhile to indicate experimental patterns, specific to static conditions, 

which should be considered in the course of the calculations. First, as is shown 
above, the heterogeneous chain termination on the reactor walls should be taken 
into account, therefore, the branching chain ignition mechanism in gaseous phase 
[22] should be considered. Second, a reversible change in the state of the catalytic 
surface after ignitions should be accounted for, because this causes the changes in 
the values of ignition limits and delay periods of ignition. In addition, the observed 
occurrence of local ignition centers on the catalytic wire, which initiate propagation 
of the gaseous reaction front, allows use of the analytical solution of the problem 
on the local ignition based on a thermal explosion of the flat P-shaped center of a 
warming up (hot spot) in a chain-branched gas reaction [82]. 

It should be also noted that the catalytic ignition limit is very sensitive to the nature 
of the atoms (H or D), which are embedded in a crystal lattice of the noble metal, 
and, accordingly, these must be present on the catalytic surface, which initiates the 
reaction. Such a feature is characteristic of the chain process, so the reaction on the 
surface was modeled below as a chain one. In addition, we specially checked that the 
modeling using the only simple exothermic Arrhenius reaction on the surface could 
not provide the results obtained below in the numerical simulation. Furthermore, the 
occurrence of local ignition centers on the wire, and the dark catalytic reaction of 
the consumption of 2H2 + O2 mixture should be accounted for. 

It should be noted that at the current state of experiment any comparison of the 
results of numerical calculations with experimental data is reliable only in quali-
tative aspect, e.g. on the qualitative modeling of time dependencies of experimen-
tally measured velocities, concentrations etc. The examination of the detailed kinetic 
mechanism introduces additional uncertainty into modeling. A large part of kinetic 
parameters is not accurate enough to draw reasonable conclusions using calculations. 
The issue of completeness of the used reaction set is always an open question, i.e.
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an important reaction can be overlooked. Moreover, as there are no unicity theo-
rems on reactive compressible Navier–Stokes equations, which are used very often 
for combustion modeling in low Mach approximation, the agreement between calcu-
lated quantities and experimental ones does not argue for accord between calculation 
and experiment, as there can be other sets of the governing parameters describing 
the same dependencies [16]. 

We attempted to illustrate qualitatively some above-mentioned factors in consid-
eration of the catalytic ignition with catalytically heated wire by means of numerical 
modeling using the system of compressible dimensionless reactive Navier–Stokes 
equations in low Mach number approximation. The aim was to interpret the occur-
rence of the dark reaction and ignition modes as well as the occurrence of local igni-
tion centers on the catalytic wire in the case of the catalytic ignition (see Appendix). 
The catalytic wire was simulated by a rectangular region in the middle of the reactor 
as represented in Fig. 2.39. The parameters, initial and boundary conditions are given 
in the Appendix. The results of the calculation with the package FlexPDE 6.08, 1996– 
2008 PDE Solutions Inc. [83] of the reaction sets (1, 2 see Appendix) are shown in 
Fig. 2.39. 

Fig. 2.39 Numerical simulation of ignition on catalytic wire. a change of dimensionless temper-
ature for dark reaction, b change of dimensionless concentration of the initial reagent C for dark 
reaction T0 = 1; c change of dimensionless temperature T for ignition, d photo of the growing 
ignition center on the Pt foil ([16], Fig. 11.3); other parameters are given in the text, e change of 
dimensionless concentration C for dark reaction T0 = 2. Scales of dimensionless temperature and 
concentration are shown on the right; for the dark reaction scales of dimensionless concentration 
are shown below Fig. 2.39b)
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As is seen in Fig. 2.39, the main observed features of the catalytic ignition are 
qualitatively illustrated: in the dark reaction, the rate of consumption of initial reagent 
is slower than during the ignition; the occurrence of local ignition centers on the 
catalytic wire in the case of the ignition is modeled. The dynamics of the growing of 
the ignition center is perfectly consistent with the experiment, cp. the experimental 
frame from [16] and the computed T front at 0.0392 s. Thus, the qualitative model 
allows obtaining both, the mode of the emergence of the primary ignition centers on 
the wire followed by a local ignition, and the mode of a dark catalytic reaction of the 
consumption of the initial reagent C. 

Let’s briefly summarize the obtained results. Hydrogen and deuterium combustion 
over Rh, Ru, Pd and Pt wires at total pressures up to 200 Torr and initial temperatures 
up to 500 °C was investigated in order both to establish the dependencies of catalytic 
ignition limits over noble metal surfaces on temperature and to indicate the governing 
factors of the problem of gas ignition by a catalytic surface. It was revealed that Rh, 
Ru and Pd surfaces treated with 2H2 + O2 ignitions show the defects in the form of 
openings, which are located on etching patterns; the etching substances are active 
intermediates of H2 oxidation. It was found that before ignition catalytic wire is not 
heated up uniformly; initial local centers of the ignition occur. It was shown that Rh 
is the most effective catalyst of 2H2 + O2 ignition, the lowest ignition temperature 
over Rh coated Pd wire (Rh/Pd) was 210° C, for Ru/Pd and Pd—300 °C, for Pt 
wire—410 °C at total pressures less than 200 Torr. The hysteresis phenomenon is 
observed over Ru/Pd, Pt and Pd wires; namely the ignition limit value measured over 
the wire, which is not treated with ignitions (a procedure of increasing temperature 
from a state of no ignition), is higher than the value measured with a procedure 
of decreasing temperature from a state of catalytic ignition. It was shown that Rh 
is the most effective catalyst of 2D2 + O2 ignition, in this case the lowest ignition 
temperature over Rh coated Pd wire (Rh/Pd) was 100 °C. It is more accurate to speak 
about ignition over noble metals hydrides/deuterides; thus, the lower ignition limit 
of 2D2 + O2 over rhodium deuteride was 100° C; thus, D2 is more flammable than 
H2 over Rh and Pd. The obtained results indicate the existence of a “kinetic inverse 
isotope effect”, which affects the reactivity of MeH and MeD, where Me = Rh, Pd. 

2.6 Conclusions 

A cellular combustion regime of 40% H2–air mixture in the presence of Pt wire over 
the interval 270–350 °C was observed for the first time. It is shown that the regime 
is caused by the catalytic action of Pt containing particles formed by decomposition 
of volatile platinum oxide in the gas phase. 

It was shown that the temperature of the initiated ignition at 40 Torr over heated 
Pd foil is ~ 100 °C lower than over Pt foil. Even the minimum temperature value 
of the foil (623 °C) is sufficient to ignite 2H2 + O2 mixture; i.e., the influence of a 
catalytic H2 + O2 reaction with desorption of active intermediates from the surface 
of noble metals is negligible in case of initiated ignition. The presence of water
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vapor prevents ignition. For thermal ignition at 180 Torr and 288 °C over Pd foil the 
catalytic activity of the surface is higher than that over Pt foil. The activity of Pd foil 
reveals itself in both the occurrence of local ignition centers on the foil, from which 
combustion wave propagates; and the dark catalytic reaction of consumption of the 
flammable mixture. 

It was shown that in the reaction of hydrogen combustion metallic Pt acts as a 
heat source similar to e.g. a tungsten wire heated by an external source. However, in 
the case under investigation, Pt is heated with an internal source, namely a surface 
catalytic reaction. It must be also taken into account that the composition of the 
surface layer changes during ignitions from Pt oxide (PtO2) to another composition, 
exhibiting properties different from PtO2. 

Hydrogen and deuterium combustion over Rh, Ru, Pd and Pt wires at total pres-
sures up to 200 Torr and initial temperatures up to 500 °C was investigated in 
order both to establish the dependencies of catalytic ignition limits over noble metal 
surfaces on temperature and to indicate the governing factors of the problem of gas 
ignition by a catalytic surface. It was revealed that Rh, Ru and Pd surfaces treated 
with 2H2 + O2 ignitions show the defects in the form of openings, which are located 
on etching patterns; the etching substances are active intermediates of H2 oxidation. 
It was found that before ignition, catalytic wire is not heated up uniformly; initial 
centers of the ignition occur. It was shown that Rh is the most effective catalyst of 
2H2 + O2 ignition, the lowest ignition temperature over Rh coated Pd wire (Rh/Pd) 
was 210 °C, for Ru/Pd and Pd—300 °C, for Pt wire—410 °C at total pressures 
less than 200 Torr. The hysteresis phenomenon is observed over Ru/Pd, Pt and Pd 
wires; namely the ignition limit value measured over the wire, which is not treated 
with ignitions (a procedure of increasing temperature from a state of no ignition), 
is higher than the value measured with a procedure of decreasing temperature from 
a state of catalytic ignition. It was shown that Rh is the most effective catalyst of 
2D2 + O2 ignition, in this case the lowest ignition temperature over Rh coated Pd 
wire (Rh/Pd) was 100 °C. It is more accurate to speak about ignition over noble 
metals hydrides/deuterides; thus, the lowest ignition limit of 2D2 + O2 over rhodium 
deuteride was 100 °C; thus, D2 is more flammable than H2 over Rh and Pd. The 
obtained results indicate the existence of a “kinetic inverse isotope effect”, which 
affects the reactivity of MeH and MeD, where Me = Rh, Pd. 

It was shown that the initiation of the thermal ignition process is always deter-
mined by the presence of reactive centers on the surface, the properties of which 
are determined by both, surface defects having an excess of free energy, and their 
catalytic properties; the ignition process includes the stages of warming-up, local 
ignition, and flame propagation. The chemical activity of various sites of the surface 
changes from one ignition to another. The basic feature of ignition process lies in the 
fact that ignition occurs at separate sites of the surface at uniform temperature of the 
reactor surface. Therefore, combustion originates on the surface of the reactor even 
under conditions of almost homogeneous warming up of a flammable gas mixture. 
It was found that the qualitative model based on the reactive compressible Navier– 
Stokes equations allows obtaining both the mode of the emergence of primary ignition
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centers on the wire followed by a local ignition, and the mode of a dark catalytic 
reaction of the consumption of the initial reagent. 

Appendix 

We approximately illustrated the observed regularities by means of numerical 
modelling using 2D compressible dimensionless reactive Navier–Stokes equations in 
low Mach number approximation [84] suggested in [84–88]. The equations showed 
a qualitative agreement with experiments [16, 86]. 

The approximation of a small Mach number is obtained from the Navier–Stokes 
equations for a compressible medium by expanding each variable in a series in powers 
of γM2, where is the γ adiabatic exponent and M is the Mach number. For each 
variable, the lowest order term is retained, with the exception of pressure P, which is 
divided into two components: thermodynamic pressure P0(t), homogeneous in space, 
and the hydrodynamic pressure p2(x, y, t): P = P0(t)+ γM2p2(x, y, t)+ O(M3), where 
P0 is calculated as in [88]. Density ρ, temperature T, pressure P and concentration C 
were nondimentionalized according to their initial values: ρ0, T 0, P0 = ρ0RT 0, C0. 
This system is presented below and describes the propagation of a flame in a two-
dimensional area. Compressible dimensionless reactive Navier–Stokes equations in 
low Mach number approximation take the following form. Indexes t, x, y mean 
differentiation on t, x, y. 

ρT = P (a) 
ρt + (ρv)y + (pu)x = 0 (b) 
ρ
(
ut + vvy + uvx

) + Py /γ M2 = 1/Fr + Sc
(∇2v + 1/3 Ky

)
(c) 

ρ
(
vt + vuy + uux

) + Px /γ M2 = 1/Fr + Sc
(∇2u + 1/3 Kx

)
(d) 

ρ
[
Tt + vTy + u Tx

] − (γ − 1)/γ Pt − (γ − 1)/γ M2
[
Pt + uPx + vPy

] = ∇2T + β1W (e) 
ρ
[
Ct + vCy + uCx

] = ∇2C − βW (f) 
W = (1 − C) exp(ζ − ζ/T) (g) 
Ptt − 1/M2∇2 P = q(CP − 1)β1Wt (h) 

(2.1) 

where ∇2 = (…)yy + (…)xx is the two-dimensional Laplace operator, Kv = vy + ux 
is the viscous dissipation Ptt = d2P/dt2, d(…)/dt is a material derivative, u and v are 
the velocity components in the directions x, y, respectively, ρ is the density and T is 
the temperature. 

The chemical reaction is presented in the set (2.1) by a single first order Arrhenius 
reaction. C—reagent concentration, 1-C—extent of transformation, ζ—dimension-
less coefficient proportional to E/R. Dimensionless parameters—Schmidt’s criterion 
Sc = ν/D, D—diffusivity (0.3 cm2/s at 1 atm [89]), ν—gas kinematical viscosity 
(10−5 cm2/s [89]),γ—adiabatic exponent—relation of constant pressure and constant 
volume thermal capacities; β1 the nondimensional amount of heat released in the reac-
tion, β is a kinetic coefficient proportional to Damköhler number. The initial values
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are the following: ρ0 = 0.001 g/cm3 [89], T0 = 1, P0 = ρ0T0, ζ = 10.5, γ = 1.4, β = 
0.2, β1 = 0.3, Cp = 0.3 kal/g grad [89] and C0 = 0, respectively. These values were 
used for calculations in Fig. 2.39. Lewis number is equal to Le = 1 that assumes 
equality of Sc = Pr where Pr = ρ0Cp ν/λ, λ—heat conductivity and Cp—thermal 
capacity at constant pressure. Scales of length and speed are determined as ld 2 = 
Dtd, and Ud = ld/td, respectively. Then Reynolds number is ld Ud/ν = 1/Sc. Froude 
number Fr = Ud 

2/gld where g—acceleration of a free fall, is accepted equal zero. 
Mach number is M = Ud/c0; it is accepted equal 0.025, where c0—the speed of 
sound. It is obvious that if M = 0, fluctuations of pressure are missing. At M → 0 
the reference value of average pressure of P0 becomes much higher, than the average 
value ρ0Ud 

2 for pressure fluctuations at the average pressure P0. The velocity field is 
determined by these fluctuations. If the standard representation of pressure is used, 
then usual replacement of variables P = P0p leads to occurrence of a factor 1/M2 

in the term grad p in the impulse equation [88]. It is accepted that pressure values 
satisfy wave equation [the last equation (h) of the set (2.1)], which can be obtained 
from the continuity and impulse equations taking into account internal power sources 
and neglecting terms of order 1/M4 [90]. The equation (h) of the set (2.1), describing 
waves in the moving non-uniform media with a heat source, follows from continuity 
and impulse equations (q = ld 2 / (Ud 

4ρ0) ~ 1—the parameter arising at the reduction 
to a dimensionless form). In order that the quantity of the equations corresponds to 
the number of unknowns, eq (b) is excluded from the set (2.1) in the further analysis. 

Due to the surface chemical reaction, a natural convective flow occurs around 
the wire, which is accounted for with Navier–Stokes equations. Thus, the following 
reaction set rather than simple Arrhenius reaction was analyzed. The reaction velocity 
in the volume was presented by an elementary chain mechanism: C → 2n (w0) and 
n + C → 3n + products. w0 can be neglected [91]. In this case, the equations f, g 
(see set (2.1) Appendix) were replaced with the following ones: (initial condition for 
concentration changes to C0 = 1). 

ρ
[
Ct + vCy + uCx

] = Δ2 C − β0nW 

ρ
[
nt + v ny + u nx

] = Δ2 n + 2β0nW 

W = C exp  (ζ-ζ/T)—volume reaction. 

W1 = C exp  (ζ1-ζ1/T)—surface reaction 
The catalytic wire was simulated by a rectangular region in the middle of the 

reactor as is shown in Fig. 2.39. Chemical exothermic branching reaction occurred 
on the boundaries of the “wire”, boundary conditions on the “wire” took the form Tt = 
δβ1W1 (heat release), nt = δβW1 (surface propagation, not necessarily branching), Ct 

= 0.2C (adsorption of the initial reagent); δ- the scale coefficient, which determined 
only the duration of the calculations. n = 0 (heterogeneous chain termination) was 
set on the reactor walls, Ct = 0, Tt = T0. The parameters were assumed to be ζ = 
7.5 (close to activation energies of the branching reactions of H2 and D2 volume



86 2 The Features of Hydrogen and Deuterium Ignition Over Platinum, …

oxidation), ζ1 = 1.5 (the estimate of the value was obtained in Refs. [16, 76]), β = 
0.15, β1 = 0.22, diffusivity Dn = 0.9. The initial temperature of the gas was given 
with initial conditions: T0 = 1 for dark reaction, T0 = 2 for ignition. 

The solution of the problem was carried out by finite element analysis using 
software package (FlexPDE 6.08, 1996-2008 PDE Solutions Inc. [83]). 
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Chapter 3 
Regularities of Combustion 
of Hydrogen–Hydrocarbon (C1–C6)–Air 
and Hydrocarbon–Air Mixtures Over 
Surfaces of Noble Metals 

Abstract This chapter is focused on the establishment on the features of catalytic 
ignition of the mixtures of H2 + C1–C6 hydrocarbons + O2/air with platinum, 
palladium and rhodium. The tendencies in combustion of hydrogen and mixtures 
of hydrogen with methane over metallic Pd, including the use of an optoelectronic 
complex based on a hyperspectral sensor and high-speed color filming were revealed. 
We showed that the cellular structure of the flame front during ignition in the pres-
ence of Pd wire is missing in contrast to the results obtained for the Pt surface. It 
means that Pd is more suitable than Pt for hydrogen recombiners in nuclear power 
plants because the catalytic particles do not appear in the gas phase. The experi-
mental value of the effective activation energy of the process over Pd was estimated 
as (3.5 ± 1) kcal/mol, which is characteristic of surface processes. This indicates 
the significant role of the dark reaction of H2 and O2 consumption on the Pd surface 
observed directly at low pressures. The combustion of hydrogen–hydrocarbon (C1– 
C6, namely CH4, C2H6, C3H8, C4H10, C5H12, C6H14)–air mixtures with θ = 0.6–1.2 
over Pd at total pressures 1–2 atm was investigated. It was experimentally shown 
that the temperature of the ignition limit over Pd at P = 1.75 atm, measured with a 
bottom-up approach by temperature, of the mixtures 30% methane + 70% hydrogen 
+ air (θ = 0.9, T = 317 °C) and 30% propane + 70% H2 + air (θ = 1, T = 106 °C) 
markedly drops after subsequent ignitions to T = 270 °C for H2–CH4 mix and to 
T = 32 °C for the H2–C3H8 blend. The catalytic ignition limit returns to the initial 
value after treatment of the reactor with O2 or the air; i.e., a hysteresis phenomenon 
occurs. The ignition limit of the mixtures 30% (C2, C4, C5, C6) + 70% H2 + air (θ 
= 0.6, 1.1, 1.2, 1.2, correspondingly) over Pd amounts to 25–35 °C at P = 1.75 atm; 
the hysteresis effect is missing. It was found that the lean 30% C2H6 + 70% H2 + 
air mix (θ = 0.6) shows the lowest temperature of the ignition limit: 24 °C at 1 atm. 
The estimate of the effective activation energy of the ignition of the mixes over Pd is 
~ 2.4  ± 1 kcal/mol that is characteristic of a surface process. Thus, the usage of Pd 
catalyst allows igniting H2–hydrocarbon mixtures at 1–2 atm at initial room temper-
ature without external energy sources. The features of ignition of hydrogen–oxygen 
and hydrogen–methane–oxygen mixes at low pressure with hot Pd, Pt, Nichrome 
and Kanthal wires were revealed. Numerical calculations allowed elucidating the 
role of an additional branching step H + HO2 → 2OH. The peculiarities of ignition 
of premixed stoichiometric n-pentane–air mixtures were studied in a rapid mixture
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injection static reactor in the presence of metallic Pt and Pd in the region of nega-
tive temperature coefficient (NTC). It is shown that in the absence of noble metals 
thermoacoustic oscillations occur within NTC region. In the presence of Pt catalyst 
surface, which reacts with oxygen at the flame temperature and generates catalytic 
centers propagating into volume, thermoacoustic regimes of thermal ignition disap-
pear; in other words, the catalytic Pt surface eliminates a certain inhibition stage 
of kinetic mechanism after the occurrence of the cool flame and NTC phenomenon 
vanishes. The stage may be e.g. the decomposition of some intermediate peroxide 
on Pt surface with the formation of a more reactive radical. In the presence of the 
catalytic surface (Pd), which does not react at the flame temperature and does not 
generate catalytic centers propagating into volume, NTC phenomenon occurs. It is 
found out that in Pd sample treated with ignitions, the defects in the form of openings, 
which are focused on etching patterns, arise. In the process, PdO particles originate in 
the process of oxidation of Pd surface; PdO particles decompose to Pd and O2 at the 
temperature of flame products. This means that Pd is spent in the reaction of chemical 
etching with active intermediates of combustion. It should restrict the applicability 
of palladium in ignition devices. Low-pressure combustion of hydrogen–methane 
and hydrogen–isobutene mixtures over Rh and Pd surfaces at total pressures from 
80 to 180 Torr and initial temperatures of 200–500 °C was studied. It was shown 
that, at total pressures up to 200 Torr, the catalytic ignition areas over the Rh and Pd 
surfaces are larger for 2H2 + O2 mixtures than for (H2 + CH4)stoich + O2 and (H2 + 
C4H8)stoich + O2 mixtures; mixtures containing more than 50% hydrocarbons do not 
ignite. It has been shown that the dark reaction in the (80% H2 + 20% C4H8)stoich 
+ O2 mixture leads to the formation of carbon nanotubes with a diameter within 
10–100 nm; here noble metal acts both as a heater and catalyst. 

Keywords Ignition · Hydrogen · Methane · Ethane · Propane · Butane 
n-pentane · Hexane · Isobutene · Oxidation · Rhodium · Palladium · Platinum ·
Catalytic limits · Carbon nanotubes · Speed filming · Hyperspectrometer 

It was found that the temperature of the catalytic ignition limit over the palladium 
surface at 1.75 atm for mixtures of 30% methane + 70% hydrogen + air (θ = 0.9, T 
= 317 °C) and 30% propane + 70% hydrogen + air (θ = 1, 106 °C), measured by 
the “bottom approach” temperature method, decreases during subsequent ignitions 
of the same mixtures. The flammability limit returns to the initial value after the 
reactor is treated with oxygen or air, i.e. hysteresis takes place. The temperature of 
the catalytic ignition limits of mixtures of 30% (C2, C4, C5, C6) + 70% H2 + air 
(θ = 0.6, 1.1, 1.2, 1.2, respectively) over the palladium surface is 19 ÷ 35 °C at 
1.75 atm; there is no hysteresis. It is shown that the lean (θ = 0.6) mixture of 30% 
ethane + 70% hydrogen + air has the lowest temperature of the ignition limit: 24 °C 
at 1 atm. The effective activation energy for the ignition of mixtures over palladium 
is estimated as ~ 2.4 ± 1 kcal/mol. It was found that the detected separation of the CH 
and Na emission bands in time during the combustion of a mixture of 30% propane
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+ 70% H2 + air (θ = 1), is due to the occurrence of hydrodynamic instability of the 
flame when it touches the end of the cylindrical reactor. 

It was found that the ignition temperatures of hydrogen–oxygen and hydrogen– 
methane–oxygen mixtures above wires of palladium, platinum, nichrome and kantal 
(fechral) heated by external source at a total pressure of 40 Torr increase with a 
decrease in the hydrogen content in the mixture; only heated palladium wire exhibits 
a noticeable catalytic effect. A qualitative numerical calculation made it possible to 
assume the role of the additional branching reaction H + HO2 → 2OH, in which a 
weakly active radical HO2 is replaced by OH. 

It is known that methane and oxygen on a heated platinum wire can release 
a significant amount of heat in a dark reaction [1]. Interest in catalytic oxidation 
processes and their mechanisms is constantly growing due to the broad prospects of 
using this technology in combustion in power generation systems [2–4], to reduce the 
concentration of methane in the air [5]; in the use of catalytic converters in vehicles 
to reduce emissions of harmful gases [6]. The issue of ensuring hydrogen safety at 
nuclear power plants using catalytic afterburners is a topical issue [7]. There is also 
a great deal of interest in catalytic partial oxidation leading to the intermediates that 
are critical in the synthesis of target industrial compounds. 

3.1 Study of the Combustion of Hydrogen–Air 
and Hydrogen–Methane–Air Mixtures over the Surface 
of Palladium Metal with the Combined Use 
of a Hyperspectral Sensor and High-Speed Color 
Filming 

The mechanism of the oxidation of hydrogen and hydrocarbons on noble metals 
has not yet been sufficiently understood. Experiments on isotope exchange [8] have  
shown that chemisorption of methane on noble metals results in the formation of 
adsorbed methyl or methylene radicals. Their interaction with adsorbed oxygen can 
lead either to direct oxidation to carbon dioxide and water or to the formation of 
adsorbed formaldehyde [9]. Until now, the nature of the active surface is generally 
unknown. In the case of palladium, oxidation can occur at the same time on the metal 
itself, on the surface of Pd (II) oxide, or even on the surface partially covered with 
adsorbed oxygen. According to X-ray photoelectron spectroscopy (XPS) data [10], 
the smaller the size of the palladium crystallites is, the more likely they are to exist 
in the oxide form. It should be noted that because of a certain degree of conversion 
of the reagent, a significant amount of heat can be released. This leads to a signif-
icant increase in temperature, thus, the stability of the catalyst at high operating 
temperatures must be known [2]. As the temperature rises, the activation energy of 
methane oxidation on the Pd catalyst changes sharply. The temperature, at which this 
transition occurs is a function of the catalyst composition [11]. It should be empha-
sized that noble metals form oxides, which, depending on their reactivity, determine
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the rate and mechanism of the catalytic process. This significantly complicates the 
search for optimal conditions for catalysis. For example, Pd readily transforms into 
PdO at temperatures lower than 1100 K, but PtO2 already decomposes at temper-
atures above 825 K. Due to the greater stability of PdO compared to PtO2, in the  
case of a Pd-containing catalyst, the active phase is most likely PdO, in while in the 
case of a Pt catalyst, the active phase is Pt. The activity of PdO is higher than that 
of Pt. This allows to achieve higher conversions when using PdO. Controlling the 
presence of PdO in the gas phase, which is necessary to establish the mechanism of 
catalysis, is complicated by the fact that the spectroscopic data on PdO are scattered 
and contradictory [12–14]. In [15], the emission spectra of PdO obtained during the 
pyrolysis of polymer complexes (PtCl2) upon excitation at a wavelength of 355 nm 
are presented. Thus, the appearance and participation of a chemically active surface 
in gas combustion significantly complicate the understanding of the process, not only 
due to the emergence of new control parameters, but also to difficulties in registering 
catalyst molecules or particles. 

It is worth reminding that the hyperspectrometers used in this chapter and 
discussed in the previous chapter are the devices that allow remote registration of 
reflected, scattered and emitted radiation, obtaining its spectra in a wide wavelength 
range [16, 17]. The hyperspectrometer makes it possible to study temporal char-
acteristics of the processes occurring on a narrow strip of the investigated surface. 
4D dimension is formed by the x coordinate, the spectral coordinate—by the wave-
length λ, the intensity of the spectral line I and the time t. The work [18] demon-
strated the possibility of studying combustion and explosion processes using remote 
hyperspectral sensing. 

High-speed filming is also used in this book as a remote study of various processes. 
In [19, 20], the method of high-speed color cinematography was used to study spark-
initiated ignition of hydrogen–air and pentane–air mixtures. This method makes it 
possible to visualize the propagation of the flame front and reveal the features of 
combustion processes, in particular, the transition of a smooth flame front into a 
cellular structure. 

This chapter is devoted to identifying the regularities of the combustion of 
hydrogen and mixtures of hydrogen with methane over metallic palladium, among 
them using an optoelectronic complex based on a hyperspectral sensor and 
high-speed color filming. 

3.1.1 Experimental 

The experiments were carried out in a heated horizontal cylindrical stainless steel 
reactor 25 cm in length and 12 cm in diameter, equipped with a tangential gas inlet, 
collapsible covers, and an optical quartz window in one of the coatings (Fig. 3.1). In 
experiments, in which it was required to avoid gas circulation due to the presence of 
a tangential inlet (Fig. 3.1), an aluminum ring with an outer diameter of 11.2 cm and
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Fig. 3.1 Block diagram of the experimental setup, end view a and side view b. The strip, along 
which the 4D spectral survey was carried out is indicated in red. The width of this strip is about 
1 mm. (1) reactor, (2) solenoid valve, (3) buffer volume, (4) gas cylinder, (5) hyperspectrometer, (6) 
digital video camera, (7) folding mirror, (8) internal insulation, (9) heater, (10) external insulation, 
(11) optical window, (12) pressure sensor, (13) ADC converter and computer for receiving and 
accumulating data, (14) millivoltmeter for taking thermocouple readings, (15) aluminum ring to 
prevent gas circulation, (16) Pd spiral, (17) Wheatstone bridge. The unit for tangential gas injection 
into the reactor is highlighted with a blue circle 

an inner diameter of 11 cm was introduced into the reactor perpendicular to the gas 
flow (see also paragraph 1 of Chap. 2). 

The temperature measurement accuracy was 0.3 K. The evacuated and heated 
to the required temperature reactor was quickly filled with a gas mixture from the 
high-pressure buffer volume to the required pressure. An electromagnetic valve was 
used to open and close gas lines. Due to a sharp pressure drop in the buffer volume 
and in the reactor, a gas vortex arises in the reactor, leading to a reduction in the 
time for establishing a uniform temperature distribution. To prevent gas circulation, 
an aluminum ring was introduced into the reactor perpendicular to the gas flow, 
as described in the first paragraph of Chap. 2. The pressure during the gas input 
and combustion process was recorded using a “Karat-DI” tensoresistive sensor, a 
signal from which was fed through an ADC to a computer. Pd wire (in a number 
of experiments, Pt wire) 80 mm long and 0.3 mm in diameter in the form of a 
spiral was placed into the reactor. This wire was used to initiate the ignition of 
the combustible mixture. In addition, the wire was connected as a shoulder of the 
Wheatstone bridge, which allowed controlling its average temperature. Before each 
experiment, the reactor was evacuated to 0.1 Torr. The total pressure in the reactor 
and the pressure in the buffer volume were monitored with a pressure gauge. We 
used chemically pure gases and 99.85% Pd. 

The registration of the ignition and FF propagation was carried out through the 
optical window with VID-IK3 hyperspectrometers (see Chap. 2), BIK, as well as 
a color high-speed film camera Casio Exilim F1 Pro (frame rate − 1200 s−1 at a 
resolution of 336 × 96 pixels, 600 frames per second at a resolution of 432 × 192 
pixels or 300 frames per second at a resolution of 512 × 384 pixels) or PHANTOM
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(frame rate − 4000 s−1 at a resolution of 1300 × 800 pixels). The obtained data 
were written into the computer memory, and then they were processed. We used 
hyperspectrometers of both the visible and near infrared range (400–970 nm VID-IK3 
[16])  and  the BIK1 [17] hyperspectrometer in the wavelength range 970–1700 nm. 

It is worth reminding that the optical system of the BIK hyperspectrometer is 
similar to the optical system of the VID-IK3 hyperspectrometer, only a diffraction 
grating is used as a spectral splitter. 

3.1.2 Results and Discussion 

The typical results of simultaneous recording of the pressure change (a) and the 
change in the resistance Pd of the wire (b, c) upon ignition of the mixture of 40% 
H2 air at 128 °C at P0 = 1 atm are shown in Fig. 3.2 a. As seen from Fig. 3.2 a, the 
total pressure in the reactor reaches 1 atm before ignition, i.e. ignition occurs after 
the completion of the gas injection. Since palladium wire does not heat up uniformly 
due to heat dissipation at the soldering points, the dependence of resistance on time 
is somewhat more inertial than the pressure curve. The vertical segment of this 
dependence corresponds to the change in resistance at the moment of ignition. 

Temperature calibration was performed by changing the temperature of the 
reactor. However, the temperature measured by means of a Pd wire is the lower 
limit of the actual temperature of the ignition site [21]. The main result of the exper-
iment is that the temperature of the reactor upon ignition of the mixture of 40%

Fig. 3.2 a Simultaneous registration of the heating and average temperature of the Pd coil upon 
initiation of the ignition of the mixture of 40% H2 with air over palladium. T0 = 128 °C, P0 = 
1.08 atm; b a sequence of video frames of the initiated ignition of the mixture of 40% H2 with air. 
T0 = 120 °C, P0 = 1.25 atm, 600 frames/s; c a sequence of video frames of initiated ignition of a 
stoichiometric mixture (80% H2 + 20% CH4)stoich + air. T0 = 190 °C, P0 = 1.17 atm, 600 frames/s 
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H2–air over Pd (108 °C, 1 atm) is at least ~ 160 °C less than above the surface of Pt 
(260 °C, 1 atm, 40% H2–air) [21]. It should be noted that the heating recorded on 
a Pd wire (360  °C, Fig.  3.2a) is insufficient for thermal initiation of the ignition of 
a 40% H2–air mixture [21]. Thus, the contribution of surface catalytic reactions to 
the direct initiation of hydrogen combustion over palladium, in contrast to platinum 
is very noticeable. It is worth reminding that the role of catalytic processes on a Pt 
surface is only to heat the surface to the ignition temperature. The role of the emission 
of active centers from the surface is insignificant. 

The spatial development of ignition and flame propagation in a 40% mixture of 
H2–air and (80% H2 + 20% CH4)stoich + air was studied over a Pd wire (Fig. 3.2b, 
c). In the same way as in the case of Pt, Pd is heated before and after ignition due 
to catalytic reactions on the Pd surface. It can be seen that in the presence of a Pd 
wire, the cellular structure of the flame front is not observed in comparison with the 
results obtained on the Pt surface [22]. This is due to the greater stability of PdO 
in comparison with PtO2, which decomposes even at 500 °C and is a very unstable 
compound [22]. 

The temperature dependence of the hydrogen concentration at the catalytic igni-
tion limit was determined experimentally to reveal the contribution of surface reac-
tions (including those responsible for heating the Pd wire). The catalytic ignition 
limits of stoichiometric mixtures 6–40% H2 + air (indicated by crosses) and (20– 
60% H2 + 80–40% CH4)stoich + air are shown in Fig. 3.3 a. As is seen, Pd wire 
ignites a mixture of 40% H2–air in the reactor, which is heated only to 70 °C. For 
comparison, ignition of the same mixture with Pt wire requires heating to 260 °C 
[21]. In addition, as can be seen from the Fig. 3.3, the minimum H2 concentration at 
the limit is approximately 5%, which is very close to the concentration limit of H2 

ignition at atmospheric pressure when initiated by a spark [23, 24]. This means that 
CH4 in H2–CH4–air mixtures reacts only in the gas phase and not on the Pd surface.

It should be emphasized also that Pt wire of the same size does not ignite any of 
the mixtures (20 ÷ 60% H2 + 80 ÷ 40% CH4)stoich + air at reactor temperatures up 
to 450 °C. 

On the contrary, Pd wire ignites mixtures (H2 30 ÷ 60% + 70 ÷ 40% CH4)stoich 
+ air (circles in Fig. 3.3a). However, the mixture (20% H2 + 80% CH4)stoich + air 
at temperatures up to 450 °C cannot be ignited with Pd wire, probably because the 
H2 concentration in the mixture (2.2%) turned out to be lower than the concentration 
limit of hydrogen ignition [23, 24]. 

The temperature dependence of the H2 fraction in combustible mixtures in Arrhe-
nius coordinates is shown in Fig. 3.3b. As can be seen in Fig. 3.3b, this dependence 
can be approximated by a straight line (correlation coefficient 0.98). The data were 
processed using the Statistica 9 software package (Statsoft). 

We can conclude from Fig. 3.3b, that the dependence for H2–CH4–air mixtures is 
determined only by the H2 fraction in the mixture. We limited ourselves to 40% H2 

in the mixture, because after a further increase in H2 content, the hydrogen oxidation 
reaction slows down [24]. For this reason, the value of the effective activation energy 
obtained below is only an estimate.
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Fig. 3.3 a Experimental dependence of the ignition temperature at the concentration limit on the 
hydrogen content in the mixture, crosses refer to the hydrogen–air mixture; b Dependence a in 
Arrhenius coordinates

Let’s consider the nature of the resulting dependence. We will point out that this 
approximation is rather rough; but it will allow us systematizing the experimental 
results for the limits of catalytic ignition over the studied noble metals quite consis-
tently below. For the absence of nonlinear branching in a stoichiometric mixture 2H2 

+ O2, the lower flammable limit (marked with the subscript lim) at low pressures (see 
also Chap. 1): 2 k2 (O2)lim = k4 i.e. (O2)lim = 1/2 (H2)lim = k4/k2, where k4—the rate 
constant of heterogeneous termination of active combustion centers (weakly depen-
dent on temperature) and k2 is the activated rate constant of branching (16.7 kcal/mol 
[25]). 

Thus, we obtain Arrhenius dependence ln (H2)lim on 1/T with a positive slope. 
Obviously, the heterogeneous nature of the process on Pd significantly complicates 
the analysis. However, it can be assumed that in the catalytic oxidation of H2, the  
reaction rate depends mainly on H2 concentration, which can be expressed for the 
steady state as the ratio of some two effective constants [25]. 

The experimental value of the effective activation energy of the process is E = 
3.5 ± 1 kcal/mol, which is typical for surface processes [25]. It should be noted 
that the value of the effective activation energy is close to the activation energy of 
adsorption–desorption of hydrogen on Pd [26]. However, in order to ensure ignition, 
the cycle of reactions must occur, in which branching is realized [24]. The activated 
(E = 16.7 kcal/mol [25]) homogeneous branching reaction H + O2 → O + OH 
is the slowest elementary reaction of the cycle. Therefore, the activation energy of 
branching should determine the temperature dependence of the overall process, as it 
happens for experiments with metallic Pt ([21], see also Chap. 2). This means that in 
the case of Pd, the branching can be of a heterogeneous nature, because the effective
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activation energy is close to ~ 3.5 kcal/mol. The obtained approximate value of E 
along with the results presented in Fig. 3.3a, b, can be used in practical applications 
to estimate the flammability of mixtures H2–CH4–air in the presence of metallic 
palladium. 

It can be seen from Fig. 3.2b, c that, upon initiation with Pd wire, combustion 
is accompanied by orange luminescence for both hydrogen and hydrogen–methane 
mixtures, while for the latter mixture, this luminescence propagates nonuniformly 
and independently on the spherical flame front. An attempt was made to establish 
the nature of this luminescence using the hyperspectral method. The optical and 
IR spectra of radiation from a flame of hydrogen and a mixture (80% H2 + 20% 
CH4)stoich + air, recorded along a vertical strip along the diameter of the optical 
window (red strip, Fig. 3.1 a) are shown in Fig. 3.4a, b, c.

Let us preliminarily point out that a hydrogen flame at low pressures is practically 
invisible, since its radiation is mainly due to the radiation of hydroxyl radicals OH 
A2∑ – X2∏ in the ultraviolet region at 306 nm [24]. The combustion spectrum of a 
stoichiometric mixture of pentane with air contains intense lines of atoms of alkali 
metals sodium (581 nm) and potassium (755 nm), inherent in all hot flames [24] and 
water vapor bands of water vapor bands in the range 900–970 nm [27, 28]. In the IR 
spectrum, broad bands of water are observed between λ = 1300 nm and 1600 nm. 
A relatively narrow band of the OH* radical is recorded at about 1400 nm [29]. 

It should be noted that the spectra presented in [28] and in this work were recorded 
in the same reactor using the same hyperspectral technique. It follows from Fig. 3.4a, 
b that the main features of the spectra of the flame of 40% H2 + air, initiated by 
palladium in the visible region, in comparison with the optical spectra of the emission 
of a hydrogen flame initiated by a platinum wire and a spark discharge ([28], Fig. 13a) 
are: 

(a) the absence of a system of emission bands in the range of 570–650 nm, referred 
to H2O* in [30]. This may be because we used in this paragraph an optical 
window made of leucosapphire rather than quartz, as in [28]. Leucosapphire, 
unlike quartz, does not contain active surface OH groups. Thus, the emergence of 
water bands in the region of 570–650 nm may be due to the adsorboluminescence 
of water on quartz. Such a process is impossible on leucosapphire. 

(b) increased intensity of water bands in the region 900–970 nm in comparison with 
the intensities of lines of alkali metals. 

This indicates the emergence of an additional source of excited H2O molecules. 
Earlier, we showed [31] that the catalytic activity of the palladium surface in the 
hydrogen combustion reaction is higher than that of the platinum surface. In other 
words, there is a fast catalytic reaction of hydrogen oxidation on the hot Pd surface 
along with the initiation of gas combustion. This reaction can lead to the formation 
of an additional amount of excited water molecules. 

We summarize the results obtained in this paragraph. 
It has been shown experimentally that the ignition temperature of a 40% H2–air 

mixture over metallic Pd (70 °C, 1 atm) is ~ 200 °C lower than over the Pt surface 
(260 °C, 1 atm). In addition, the Pd wire initiates the ignition of mixtures (H2 for
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Fig. 3.4 Emission spectrum of combustion of the mix on time. a 40% H2 + air, hyperspectrometer 
VID-IK-3, 30 fps; b (80% H2 + 20% CH4)stoich + air, hyperspectrometer VID-IK-3, 300 frames/s; 
c 40% H2 + air, NIR hyperspectrometer, 300 frames/s. The emission spectra of the mixture of 40% 
H2 + air in this spectral region do not differ qualitatively. As the number of the spectrum increases, 
time grows

30–60% + 70–40% CH4)stoich + air; Pt wires of the same size cannot ignite these 
mixtures up to 450 °C. This means that Pd wire is more efficient than Pt wire. 

It was shown that the cellular structure of the flame front during ignition on a 
Pd wire is not observed in comparison with the results obtained on the Pt surface. 
Therefore, Pd is more applicable for hydrogen recombiners in nuclear power plants, 
since catalytic particles do not appear in the gas phase, as is the case when using Pt. 

The experimental value of the effective activation energy of the process is esti-
mated as 3.5 ± 1 kcal/mol, which is typical for the surface process. This indicates 
a significant role of the dark reaction of the consumption of H2 and O2 on Pd,
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which is observed directly at low pressures. The presence of this reaction reduces 
the likelihood of an accidental explosion as compared to Pt. 

It was found that in the presence of leucosapphire the system of H2O* emis-
sion bands in the region of 570–650 nm is missing. A possible explanation of this 
phenomenon is given. An explanation is proposed for the appearance of an additional 
source of excited water molecules emitting in the range of 900–970 nm. 

3.2 Features of Ignition of Hydrogen–Hydrocarbon 
(C1–C6)–Air Mixtures Over the Palladium Surface 
at 1–2 atm 

In the previous paragraph, we showed experimentally that the ignition temperature 
of a 40% H2–air mixture over metallic Pd (70 °C, 1 atm) is lower than over Pt metal 
(260 °C, 1 atm). In addition, a Pd wire initiates the ignition of the mixtures, which 
cannot be ignited with Pt wires of the same size, i.e. Pd wires are more efficient 
than Pt wires. It was shown that the cellular structure of the flame front during 
ignition on the Pd wire is not observed in comparison with the results obtained on 
the Pt surface, therefore catalytic particles do not appear in the gas phase, as is the 
case when using Pt. The value of the effective activation energy of the process was 
estimated as 3.5 ± 1 kcal/mol, which is typical for the surface process. This indicates 
an important role of the dark reaction of H2 oxidation over Pd, which is observed at 
low pressures. The presence of this reaction reduces the possibility of an accidental 
explosion as compared to Pt. 

It was found that in the presence of leucosapphire the system of H2O* emission 
bands in the region of 570–650 nm is missing. An explanation is given for the 
appearance of an additional source of excited water molecules emitting in the range 
of 900–970 nm. 

This paragraph discusses the catalytic oxidation of hydrogen with the addition 
of higher paraffin hydrocarbons. Mixed hydrogen–hydrocarbon fuels have attracted 
increased attention as alternative fuels for energy production for two main reasons. 
First, there is increased efficiency available from methane–hydrogen fuel, which 
improves the characteristics of combustion devices, widens the range of their use, and 
reduces pollutant emissions when using lean mixtures in stationary [32] and mobile 
[33] systems. The second reason relates to developments in hydrogen energy and 
the prospects of using hydrogen in fuel cells and combustion devices [34]. Using the 
combustion of premixed lean mixtures is a promising method for fulfilling the modern 
need to limit NOx emissions in energy production, including in internal combus-
tion engines [35, 36]. The reduction in the combustion temperature that is achieved 
by using lean mixtures may significantly reduce NOx emissions. However, more 
research is needed to address the issues that impede the widespread adoption of these 
technologies. For example, due to the lower combustion temperatures of premixed 
mixtures, problems associated with suppression of oxidation reactions, increased CO
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emissions, and decreased operational stability of the combustion chamber may arise 
[37]. 

Natural gases, mainly methane, may contain up to 18% other gases, depending on 
their field of origin [33]. These impurities are usually ethane and propane. Changes 
in the natural gas composition cause changes in the chemistry of its combustion and 
NOx emissions. Catalytic ignition is most effective with the use of lean combustible 
fuels [38]: there are no extinction effects at electrical breakdown that occurs when 
using electrodes of a conventional spark plug, and the ignition source can be placed 
in the combustion chamber. Catalytic ignition does not require electrodes and the 
ignition system, so there is no erosion of the electrodes while the operation time of 
the catalytic ignition system will be significantly longer than that for a device using a 
conventional spark plug. There is a need to develop catalysts that provide oxidation at 
low temperatures (<300 °C) for a new generation of highly efficient internal combus-
tion engines [39]. The combustion of fuels over metallic palladium (as one of the most 
used catalysts) is of great interest. For example, methane combustion over metallic 
palladium was experimentally studied during the flame penetration through obstacles 
[40]. The catalyst stability issues were studied, for example, in [41]. The alumina-
based palladium catalyst was found to be not stable during methane conversion 
while the platinum addition to such catalysts provides significantly higher stability. 
On the other hand, the poisoning of Pd–Pt catalysts with water vapor is known to 
be reversible, i.e., their activity is restored after the water is removed. In this case, a 
decrease in the catalytic activity of Pd/Al2O3 is observed not for all fuels, as a result 
of the combustion of which water vapor is formed. Hydrogen is very stably oxidized 
on Pd/Al2O3. The degree of ethane conversion slightly decreases over time, but not 
to the extent that is observed at methane conversion. 

Noble metals Pt and Pd affect the flammability of methane and hydrogen-based 
fuel in different ways. The ignition temperature of a 40% H2–air mixture on palladium 
(70 °C, 1 atm) was shown to be ~ 200 °C lower than temperature on the platinum 
surface (260 °C, 1 atm) [21, 31]. Besides, Pd ignites stoichiometric mixtures (30–60% 
H2 + 70–40% CH4) + air [θ = 1, where θ is the fuel fraction in mixtures with air: θH2 

+ 0.5 (O2 + 3.76 N2)]. Platinum metal does not ignite these mixtures up to 450 °C, i.e., 
metallic palladium is more effective than platinum. The cellular structure of the flame 
front during ignition was also not observed above the palladium surface as compared 
to the results obtained for the platinum surface. Thus, palladium seems to be a more 
suitable material for use in hydrogen recombiners at nuclear power plants because 
catalytic particles, as ignition centers, producing from the thermal decomposition of 
labile oxide (PtO2) cannot appear in the gas phase [42]. The experimental value of the 
effective activation energy of the process was estimated to be (3.5 ± 1) kcal/mol. This 
value is characteristic of surface processes; it indicates the noticeable role of the dark 
hydrogen oxidation reaction observed above the palladium surface at low pressures 
[31]. Obviously, this reaction reduces the probability of an accidental explosion of 
hydrogen as compared to Pt. 

This paragraph is devoted to the establishment of combustion characteristics of 
fuels containing hydrogen–hydrocarbon (C1–C6, as in CH4, C2H6, C3H8, C4H10, 
C5H12, and C6H14) mixtures with θ = 0.6–1.2 above the palladium surface at total
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pressure of 1–2 atm. The study is aimed at identifying the propagation characteristics 
of the flame front in mixed fuels, establishing the temperature dependence of the igni-
tion limit above the palladium surface, and investigating the spectral features during 
combustion of a 30% propane + 70% H2 + air mixture using hyperspectrometers. 

3.3 Experimental 

The experiments were performed with 30% hydrocarbon (C1–C6) + 70% H2 + air 
gas mixtures with θ = 0.6–1.2 at 1–2 atm equipped with a leukosapphire window at 
one of the ends, a heated cylindrical stainless steel reactor with a length of 25 cm 
and an internal diameter of 14 cm was used (Fig. 3.5). 

A more detailed description of the setup can be found in [43, 44]. The accuracy 
of the temperature measurement was 0.3 K. Ignition and flame propagation were 
recorded using a Casio Exilim F1 Pro color high-speed video recorder (the frame 
rate is 600 fps). The video file was stored in the computer memory, and then it was 
processed frame-by-frame [31]. 

Spectroscopic measurements were carried out using hyperspectrometers allowing 
simultaneous measurements of spectral and spatial coordinates [45]. A hyperspec-
trometer (such as push-broom one, see Chap. 2) registers a narrow strip on the 
probed object at the same moment. Simultaneous registration is carried out using 
a two-dimensional photodetector matrix, along one coordinate of which the spatial 
coordinate is measured while the spectral (wavelength) coordinate is measured along

Fig. 3.5 Schematic of the experimental setup: (1) stainless steel reactor, (2) electric heater, (3) 
thermal insulation, (4) valves, (5) high-pressure buffer volume, (6) leucosapphire optical window, 
(7) digital video recorder, (8) palladium spiral, (9) pressure gauge, (10) recording system, (11) 
digital millivoltmeter, (12) Wheatstone bridge, (13) hyperspectrometer with a spectral range of 
400–1000 nm, and (14) hyperspectrometer with a spectral range of 1000–1700 nm 
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the other coordinate. The image of a narrow strip on the probed object is formed by 
the confining slit of the diaphragm unit of the hyperspectrometer. Because the data are 
taken from the photodetector matrix of the hyperspectrometer with a frame frequency 
of up to 300 Hz, the time dependence of the emission spectra of the combustion 
process is also recorded. In this paragraph, both the video recording of combustion 
by a video recorder and the registration of the combustion process by a hyperspec-
trometer were performed simultaneously, and the obtained data were subsequently 
compared. The VID-IK3 hyperspectrometer [17] was used for measurements in the 
wavelength range of 400–1000 nm, and the NIR hyperspectrometer was used for 
measurements in the 900–1700 nm range [46]. 

The evacuated and heated reactor was rapidly filled with the studied gas mixture 
from the buffer volume to the required pressure. The ignition limit was determined 
as the average of two close temperatures at a given pressure: at higher temperature 
ignition occurred, and at lower temperature ignition was missing. For fast opening 
and closing of gas communications, an electromagnetic valve was used. A capacitive 
pressure sensor recorded the pressure during gas inlet and combustion. A palladium 
spiral with a wire length of 70 mm and a diameter of 0.3 mm was used both to initiate 
ignition of the combustible mixture and to estimate the amount of wire heating as a 
shoulder of the bridge circuit was placed in the reactor. Prior to each experiment, the 
reactor was pumped out to 0.01 Torr. After each ignition, the reactor was pumped out 
for 1.5 h for water vapor removal. The total pressure in the reactor was recorded with 
a vacuum gauge, and the pressure in the buffer volume was monitored by a reference 
pressure gauge. Gases and palladium of the chemical grade (99.85% purity) were 
used. 

3.3.1 Results and Discussion 

Typical sequences of video frames of spatial development of ignition initiated by the 
palladium wire and flame propagation of previously prepared mixtures of 30% CH4 

+ 70% H2 + air and 30% C2H6 + 70% H2 + air with θ = 0.6–0.9 at 1.75 atm are 
presented in Fig. 3.6a and b. The palladium wire is heated before and after ignition 
due to catalytic reactions on the metallic palladium surface in the same way as that in 
the case of Pt [42–44]. As can be seen in Fig. 3.6, the cellular structure of the flame 
front is observed in lean mixtures: the thermal diffusion instability of the flame in 
lean fuel leads to the appearance of cellular structures [47, 48].

Figure 3.7 shows the results of simultaneous recording of pressure changes and 
changes in the resistance of a palladium wire (proportional to self-heating) during 
ignition at P = 1.75 atm of mixtures: (a) 30% C2H6 + 70% H2 + air, θ = 0.6, 39 °C 
and (b) 30% C6H14 + 70% H2 + air, θ = 1.2, 36 °C.

Because the Pd wire is heated nonuniformly [21] (see also Fig. 3.7a and b), the 
time dependence of the resistance that represents the relative temperature is some-
what delayed in comparison with video recording. The kink on this dependence 
corresponds to the resistance change at the time of ignition. Obviously, the temper-
ature value measured using the palladium resistance is the lower bound of the true
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Fig. 3.6 Video recording frames: high-speed recording of the combustion initiation by the Pd spiral 
and flame propagation in mixtures: a 30% CH4 + 70% H2 + air, θ = 0.7, P = 1.75 atm, 270 °C, 
600 fps; b 30% C2H6 + 70% H2 + air, θ = 0.6, P = 1.75 atm, 390 °C, 300 fps. Frame numbering 
corresponds to the frame number after initiation during ignition

Fig. 3.7 Dependences of the simultaneous recording of changes in pressure and resistance of a Pd 
spiral during ignition: a mixture of 30% C2H6 + 70% H2 + air, θ = 0.6, P = 1.75 atm, 39 °C; b 
mixture of 30% C6H14 + 70% H2 + air, θ = 1.2, P = 1.75 atm, 36 °C. τ is the ignition delay. The 
dashed line is the change in the resistance of a Pd spiral when a 30% Ar + 70% H2 + air mixture 
is injected into the reactor to a pressure of P = 1.75 atm

temperature of the ignition center initiating the combustion of the gas, as it takes a 
certain amount of time to heat the whole palladium spiral uniformly. 

The dashed line in Fig. 3.7b shows a change in the resistance of the palladium 
spiral when a 30% Ar + 70% H2 + air mixture is introduced into the reactor. Thus, 
the first maximum in the time dependence of resistance during combustion does not 
relate to the ignition process but to the interaction of hydrogen with the palladium 
surface. 

As can be seen in Fig. 3.7a and b, the total pressure in the reactor reaches 1.75 atm 
before ignition, and ignition occurs after gas inlet is complete. The ignition delay 
period τ for a 30% C2H6 + 70% H2 + air mixture is ~ 2 s at P = 1.75 atm. Note that
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Fig. 3.8 Dependence of the 
mixture flammability on the 
number of sequential 
ignitions: top—30% CH4 + 
70% H2 + air, θ = 0.7–0.9; 
bottom—30% C3H8 + 70% 
H2 + air, θ = 1, P = 
1.75 atm. Filled circles: 
ignition, empty circles: no 
ignition 

τ is 8 s for the same mixture at 24 °C and P = 1 atm. This means that the combustion 
of this fuel can be initiated by the palladium surface at room temperature without 
additional physical stimulation. The 30% C2H6 + 70% H2 + air mixture with θ = 
0.6 has the lowest ignition limit temperature of 23 °C at P = 1 atm.  

The mixtures of 30% CH4 + 70% H2 + air and 30% C3H8 + 70% H2 + air 
were shown to have two values of ignition limit temperature. A higher value can 
be achieved with a bottom-up temperature approach, while a lower value can be 
achieved by treating the reactor with ignitions. The foregoing is illustrated by the 
flammability dependences of 70% CH4 + 30% H2 + air (Fig. 3.8a) and 30% C3H8 

+ 70% H2 + air mixtures (Fig. 3.8b) on the number of consecutive ignitions at P = 
1.75 atm. 

As is shown in Fig. 3.8, the ignition temperature in the fresh reactor (bottom-
up approach: no previous ignition in the reactor) is ~ 315 °C at θ = 0.9. At this 
temperature, the mixtures with θ < 0.9 at the same pressure in the fresh reactor do 
not ignite. However, during the treatment with ignitions, the catalytic ignition limit 
decreases markedly to 274 °C at θ = 0.7 after seven ignitions. This process was 
shown to be reversible: after treating the reactor with oxygen (1 atm O2 for 10 min) 
or air, the ignition limit temperature returns to its initial value of ~ 315 °C. Similar 
dependences were also observed in the case of ignition of 30% C3H8 + 70% H2 + 
air mixture (Fig. 3.8b). The catalytic ignition limit temperature in a fresh reactor is 
~ 108 °C at θ = 1. 

During subsequent ignitions of the same mixture, the ignition limit temperature 
decreases and is 30 °C after seven ignitions. The process is also reversible: after 
treating the reactor with oxygen (1 atm O2 for 10 min) or air, the ignition limit 
temperature returns to its initial value of ~ 108 °C. 

Thus, the observed phenomenon is a hysteresis, the cause of which may be 
reversible changes in the palladium surface and, consequently, the catalyst activity.
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Table 3.1 Catalytic ignition limits for mixtures 70% H2 + 30% (C2, C4-C6) at 1.75 atm 

Fuel 30% C2H6 + 
70% H2 
θ = 0.6 

30% C4H10 + 
70% H2 
θ = 1.1 

30% C5H12 + 
70% H2 
θ = 1.2 

30% C6H14 + 
70% H2 
θ = 1.2 

Temperature at the 
catalytic ignition 
limit, °C 

20 28 24 36 

Note that reversible changes in the palladium surface are observed only for H2– 
methane and H2–propane fuels, while there is no hysteresis effect for other mixtures 
studied. This means that the catalytic ignition limit above palladium is also deter-
mined by the features of the kinetic mechanism of hydrocarbon oxidation. The igni-
tion limit temperatures for these mixtures at total pressure of 1.75 atm are presented 
in Table 3.1. 

To evaluate the effective activation energy of the brutto-reaction for those mixtures 
that do not exhibit the features associated with reversible changes in the catalyst 
activity, the temperature values of the ignition delay periods were obtained. The 
experimental temperature dependences of ignition delay periods in Arrhenius coor-
dinates for 30% (C2H6, C4H10, C5H12, and C6H14) + 70% H2 + air mixtures are 
shown in Fig. 3.9. As can be seen in Fig. 3.9, these values can be approximated by a 
straight line (the correlation coefficient is r = 0.983). The data were processed using 
Statistica 9 (StatSoft) software package. Based on the data presented in Fig. 3.9, the  
experimental value of the effective activation energy of the brutto-process was found 
to be E = (2.4 ± 1) kcal/mol, which is specific to the surface process [25]. 

This value is very close to the value of E = (3.5 ± 1) kcal/mol obtained in [21] 
from the temperature dependence of the H2 content in H2–air and H2 + CH4 + air 
mixtures. Based on this result, we can conclude that the temperature dependences 
for 30% (C2, C4, C5, and C6) + 70% H2 + air mixtures are determined only by

Fig. 3.9 Experimental 
temperature dependences of 
the ignition delay periods of 
mixtures with various 
compositions in Arrhenius 
coordinates at P = 1.75 atm 
(circles) 30% C2H6 + 70% 
H2 + air, θ = 0.6; (black 
circles) 30% C4H10 + 70% 
H2 + air, θ = 1.1; (triangles) 
30% C5H12 + 70% H2 + air, 
θ = 1.2; and (bold circle) 
30% C6H14 + 70% H2 + air, 
θ = 1.2 
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the H2 content in them, as is shown for H2–air and H2–CH4–air mixtures in [21]. It 
can be assumed that the obtained estimates of the effective activation energy refer to 
the same process, perhaps a branching process or chain propagation one [21]. If so, 
then this process has a heterogeneous nature. The lowest ignition limit temperature 
of the hydrogen–air mixture on the palladium surface is ~ 70 °C for 40% H2 + 
60% air mixture [21]. Because the catalytic ignition limit for 70% hydrogen + 30% 
hydrocarbon (C2–C6) + air mixtures is ~ 40 °C lower (see Table 3.1), this indicates 
the importance of the role of reactions involving hydrocarbon molecules (except 
methane, see above) on the palladium surface. 

Figure 3.10 shows the frame-by-frame processing results of video recording of 
the palladium-initiated ignition of a 70% H2 + 30% C3H8 + air mixture (θ = 1, P = 
1.73 atm). Figure 3.10 shows that, upon initiation by a Pd wire, spatially nonuniform 
combustion of the combustible mixture occurs until the flame touches the reactor 
walls (frames 10–19), followed by a sharp increase in the combustion intensity 
(frames 23–26) when the flame touches the back reactor wall (which is closer to 
the Pd spiral). As is seen in frames 146 and 176, after the combustion in the volume 
is completed, the burning of the combustible mixture continues on the palladium 
spiral. 

We attempted to establish the nature of this chemiluminescence using the hyper-
spectral method. Figure 3.11a–c show the visible and IR emission spectra during 
combustion of a 60% H2 + 40% C3H8 + air mixture (ϕ = 1) recorded along the 
vertical line over the diameter of the optical window. This approximately corresponds 
to the red strip in Fig. 3.5a. Intensive lines of the alkali metal atoms sodium (581 nm) 
and potassium (755 nm) that are inherent to all hot flames [24] and water vapor bands 
(900–970 nm) are observed in the spectrum in Fig. 3.11a [27, 28].

Wide absorption bands of water in the range of λ = 1300–1600 nm are observed 
in the IR spectrum. The problem was to establish the features of the appearance

Fig. 3.10 Frames for the high-speed registration of Pd spiral-initiated ignition and flame propaga-
tion in a mixture of 70% C3H8 + 30% H2 + air, θ = 1, P = 1.75 atm, 35 °C, 600 fps. The frame 
numbering corresponds to the sequential frame number during ignition 
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Fig. 3.11 Graphs of 
experimental time 
dependences of: a intensities 
of the combustion emission 
spectra of a mixture of 60% 
H2 + 40% C3H8 + air (θ = 
1, P = 1.9 atm), VID-IK3 
hyperspectrometer, recording 
speed is 70 fps; b intensities 
of the combustion emission 
spectra of a mixture of 60% 
H2 + 40% C3H8 + air (θ = 
1, P = 1.9 atm), VID-IK3 
hyperspectrometer, the blue 
region of the spectrum, 
recording speed is 70 fps; a 
black vertical line limits the 
spectrum distortion area to 
the right, which is associated 
with a sharp increase in the 
device sensitivity; c 
intensities of the emission 
spectra of the combustion 
mixture 40% H2 + air, BIK 
hyperspectrometer, recording 
speed is 300 fps. The number 
in the figures means the 
frame number. As the 
spectrum number increases, 
the time increases
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in time and space of active intermediate particles [for CH (A1Δ – X2∏), 431 nm 
[24] and 590 nm for the Na line). Thus, it was expected that the presence of active 
intermediate particles and self-heating would be revealed, as the emission of Na 
atoms is caused by their thermal excitation [24] at flame temperature not lower than 
1200 °C [49]. As seen in Fig. 3.11b, blue CH emission is detected at the beginning 
of the process (spectrum 27) (the spectral band at 431 nm is not resolved due to 
collisional broadening at 1.9 atm [24]), while the maximum of the Na line is recorded 
much later. Note that the observed separation in time of the CH and Na emission 
bands is consistent with the results obtained in [50] when a methane–air flame passed 
through a small hole in a plane obstacle, i.e., during the gas flow turbulization. As 
is seen in Fig. 3.12 (taken from [50]), there is a blue emission before the obstacle in 
the reactor due to the emission of CH radicals, while C2 radicals (A3∏g – X3∏u) in 
the detected amounts are observed only beyond the first obstacle. 

When registering the radiation of a propagating flame using glass filters in the 
wavelengths 435, 520, and 590 nm, it can be clearly seen that both C2 radicals in the 
detected amounts and the main heat release during the Na luminescence are observed 
beyond the first obstacle, i.e., after the gas flow turbulization. Note that we earlier 
experimentally and theoretically established that the combustion front is turbulized

Fig. 3.12 High-speed video recording of the combustion flame front propagation of a mixture of 
15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr at an initial pressure of 180 Torr through a 
combined obstacle consisting of a first flat obstacle with a diameter of 14 cm with a single hole with 
a diameter of 25 mm and a second flat obstacle with a single hole with a diameter of 25 mm covered 
with a flat grid: a glass filter in the region of 435 nm (CH transmittance at a maximum is 70%, ± 
35 nm), b combined glass filter in the region of 590 nm (Na—transmission at a maximum is 70%, 
± 25 nm); recording speed is 300 fps. c glass filter in the region of 520 nm (C2 transmittance at a 
maximum is 35%, ± 60 nm). The numbering corresponds to the sequence frame number after the 
moment of initiation 
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due to the appearance of hydrodynamic instability [51] when a flame of a methane– 
air mixture touches the end of a cylindrical reactor (see, for example, Fig. 3 from 
[51]). Thus, the separation in time of the CH and Na emission bands observed in 
this study is due to the occurrence of hydrodynamic instability of the flame when it 
touches the end of the cylindrical reactor. 

This result means that the used experimental technique allows separating the cold 
flame from the hot one in time and space in a single experiment. This result is also 
important for verification of numerical methane combustion models. It should be 
noted the enhanced intensity of the water absorption bands in the spectral region of 
900–970 nm compared to the intensities of the spectral lines of the alkali metals. In 
this case, according to Fig. 3.11a, water absorption bands are observed at the end 
of the combustion process when the Na line is almost not observed in the spectrum 
(Fig. 3.11a, spectrum 5). As is indicated in the previous paragraph, this emission can 
be associated with a catalytic oxidation reaction of unreacted hydrogen atoms and, 
possibly, propane on the hot Pd surface. 

Let us briefly summarize the obtained results. 
The temperature of the ignition limit above the palladium surface at P = 1.75 atm 

measured by the bottom-up approach by temperature for 30% methane + 70% 
hydrogen + air (θ = 0.9, T = 317 °C) and 30% propane + 70% H2 + air (θ = 
1, T = 106 °C) mixtures was experimentally shown to decrease noticeably after 
subsequent ignitions down to T = 270 °C for the H2–CH4–air mixture and to T = 
32 °C for the H2–C3H8–air mixture. 

The ignition limit returns to its initial value after treating the reactor with oxygen 
or air, i.e., hysteresis occurs. The ignition limit temperature of 30% (C2, C4, C5, 
and C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, and 1.2, respectively) mixtures above 
the metallic palladium surface is 25–35 °C at P = 1.75; there is no the hysteresis 
effect. A lean mixture of 30% C2H6 + 70% H2 + air (θ = 0.6) was found to have 
the lowest ignition limit temperature of 24 °C at P = 1 atm. The estimate of the 
effective activation energy of ignition of mixtures over Pd is ~ (2.4 ± 1) kcal/mol, 
which is specific of the surface process. It is shown that the use of Pd allows igniting 
combustible mixtures of the 30% hydrocarbon + 70% H2 composition at 1–2 atm and 
initial room temperature without the use of external energy sources. It was established 
that the separation in time of the CH and Na emission bands during the combustion 
of a mixture of 30% propane + 70% H2 + air (θ = 1) is due to the occurrence of 
hydrodynamic instability of the flame when it touches the end of a cylindrical reactor.
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3.4 Ignition of Hydrogen–Oxygen 
and Hydrogen–Methane–Oxygen Mixtures with Heated 
Wires 

It was found in the previous paragraph that the temperature of the ignition limit 
above the palladium surface at P = 1.75 atm measured by the bottom- up approach 
by temperature decreases noticeably after subsequent ignitions to almost room one 
(T = 32 °C) for the H2–C3H8–air mixture. The ignition limit returns to its initial 
value after treating the reactor with oxygen or air, i.e., hysteresis occurs. However, 
the ignition limit temperature of 30% (C2, C4, C5, and C6) + 70% H2 + air mixtures 
above the metallic palladium surface is 25–35 °C at P = 1.75; there is no hysteresis 
effect. A lean mixture of 30% C2H6 + 70% H2 + air (θ = 0.6) has the lowest ignition 
limit temperature of 24 °C at P = 1 atm. The estimate of the effective activation energy 
of ignition of mixtures over Pd is ~ (2.4 ± 1) kcal/mol, which is specific of the surface 
process. It is shown that the use of Pd allows igniting combustible mixtures of the 
30% hydrocarbon + 70% H2 composition at 1–2 atm and initial room temperature 
without the use of external energy sources. It was established that the separation in 
time of the CH and Na emission bands during the combustion of a mixture of 30% 
propane + 70% H2 + air ( θ = 1) is due to the occurrence of hydrodynamic instability 
of the flame when it touches the end of a cylindrical reactor. 

This paragraph discusses the features of the chemical mechanism of hydrogen 
oxidation on heated wires from various metals in order to identify one of the possible 
reactions responsible for catalytic ignition. 

Hydrogen is a renewable energy source for the future, combustion products 
of which do not pollute the environment. However, before the widespread use of 
hydrogen, the issues of explosion safety of production, transportation and storage 
of hydrogen must be resolved. Accidental ignition is one of the largest hazards, as 
hydrogen has much wider flammability limits than conventional fuels [52]. 

By analyzing the risk of accidental ignition in the event of an uncontrolled 
hydrogen leak, as can occur during a vehicle collision or pipeline breakdown, the 
most likely ignition source is a hot surface. Therefore, it is important to be able to 
predict and thus prevent the situation, in which ignition can occur when a flammable 
mixture is in contact with a hot surface. 

The use of hydrogen as a fuel requires the ability to ignite it predictably. The 
problem with refueling spark ignition engines with hydrogen is that the hydrogen–air 
mixture entering the combustion chamber can be ignited immediately upon contact 
with a hot surface, such as an intake valve. In diesel engines with direct fuel injection, 
the pre-ignition problem does not arise. However, hydrogen is difficult to ignite when 
compressed, an additional device is required such as a spark plug and some ignition 
helps, usually a glow plug [53]. Therefore, the design of both spark ignition and 
diesel engines should be based on the analysis of hot surface ignition information. 

Many experimental works [54] are devoted to the investigation of hydrogen igni-
tion by a hot surface. Most measurements were carried out for gas mixtures at atmo-
spheric pressure. Measurements of the surface temperature required to initiate the
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ignition of hydrogen (Tign) in air or oxygen at 1 atm, as a rule, were in the range from 
640 °C [5] to 930 °C [55]. The value Tign ~ 70 °C was observed for a mixture of 
40% hydrogen—60% air over the palladium surface, i.e. with a significant catalytic 
effect [56, 57, see Sect. 1]. In addition, in some works, there is practically no depen-
dence of Tign on H2 content [54, 58]. However, in other works, for example, [59], 
this dependence is observed. 

We showed earlier that Tign at 40 Torr on a heated palladium foil is ~ 100 °C 
lower than on a heated platinum foil [31]. For thermal ignition, it was found that at 
pressures up to 180 Torr at 288 °C, the catalytic activity of the palladium surface is 
higher than that of the Pt surface [31]. We showed in [41] that the dependence of 
Tign on the hydrogen content for H2–CH4–air mixtures is determined only by the H2 

content in the mixture. Thus, the dependence of Tign on [H2] exists. The wide range of 
measured values also shows that the hot surface temperature required for the ignition 
is not only a property of the gas, but also depends on a number of factors such as 
mixture composition and pressure, the nature and state of the surface as determined 
by the surface history, etc. 

This paragraph is devoted to the establishment of the regularities of the ignition 
of mixtures of hydrogen–oxygen and hydrogen–methane–oxygen at low pressures 
with heated wires of Pd, Pt, nichrome and kanthal (fechral). The paragraph is aimed 
at revealing the dependence of the ignition temperature on the fuel concentration as 
well as assessment the contribution of the catalytic properties of the materials used. 

3.4.1 Experimental 

Experiments were carried out with stoichiometric gas mixtures 2H2 + O2, (20% 
H2 + 80% CH4)stoich + O2, (40% H2 + 50% CH4)stoich + O2, (50% H2 + 50% 
CH4)stoich + O2, (60% H2 + 40% CH4)stoich + O2 (80% H2 + 20% CH4)stoich + 
O2. In a number of experiments, CH4 was replaced with nitrogen N2. The reactor 
was a quartz cylinder 12 cm high and 8 cm in diameter, equipped with a replaceable 
window CsI on the generatrix of the cylinder, inlet holes for gas injection, pumping 
and electrodes, on which an igniting wire was located (Fig. 3.13). 

Fig. 3.13 Experimental 
setup for investigation of 
initiated ignition: (1) quartz 
cylinder 12 cm high and 
8 cm in diameter, (2) quartz 
vacuum lid, (3) CsI window, 
(4) to the pump, (5) Pt or Pd 
spiral, (6) heater, (7) IR 
thermal imager Flir 60, (8) 
rotary mirror
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The quartz reactor was used to study initiated ignition, which was provided by 
heating polished wires Pd, Pt, nichrome and kanthal (0.3 mm in diameter and 80 mm 
long). The optical window CsI (40 mm in diameter and 5 mm thick) withstands 
only 5–6 ignitions at an initial pressure of 40 Torr, after which it was changed to a 
new one. The Flir 60 infrared camera (60 frames/s, 320 × 240 pix, sensitivity range 
8–14 mm) was used to determine the ignition temperature Tign wires during ignition. 
Video recording was turned on at arbitrary time before initiation. The video file 
was stored in the computer memory and processed frame-by-frame. The evacuated 
reactor was filled with a gas mixture from the buffer volume to the required pressure. 
The wires were quickly heated to initiate ignition of the gas mixture. Before each 
experiment, the reactor was evacuated to 10−2 Torr. The total pressure in the reactor 
was monitored with a VIT-2 vacuum gauge, the pressure in the buffer volume was 
recorded with a manometer. We used chemically pure gases, 99.99% Pt and 99.85% 
Pd, commercial nichrome and kanthal. 

The ignition temperatures of the mixtures under study with heated wires were 
measured. It was previously shown that replacing methane with nitrogen does not 
significantly affect the Tign value, in agreement with [21]. Typical results of IR video 
recording at a total initial pressure of 40 Torr are shown in Fig. 3.14. The temperature 
presentation by the Flir 60 camera lags somewhat behind in time due to the inertia of 
the temperature sensor; therefore, the maximum temperature Texp = 306 °C (shown in 
the upper left corner of each frame) in the 3rd and 4th frames of Fig. 3.14 corresponds 
to the temperature of the wire immediately before ignition. The temperature in the 
5th frame (Texp = 380 °C) corresponds to the temperature of the wire heated by 
the flame. This temperature is underestimated because the ignition is fast, but the 
temperature during the ignition delay can be measured accurately and reproducibly. 
The emissivity was set 0.95 in these experiments (close to a black body).

The recommended emissivity in the range of 8–14 mm for polished palladium 
wire is ε ~ 0.07 (http://www.zaoeuromix.ru/) and ε ~ 0.07–0.1 (http://www.therma 
linfo.ru/) for Pt wire. The value ε ~ 0.1 for Pt and Pd wires, ε ~ 0.1 for kanthal and 
ε ~ 0.15 for nichrome wire was accepted (http://www.thermalinfo.ru/). The actual 
ignition temperature on the wire immediately before the explosion at 40 Torr can be 
estimated from the Stefan-Boltzmann law: 0.95 T 4 

exp ≈ ε 0.07 T 4 
ign. The results are 

shown in Fig.  3.15. As is seen in Fig. 3.15, the dependence of Tign on [H2] takes place; 
Pd shows the highest catalytic activity (Tign values are the lowest ones) according to 
[31].

The purpose of the numerical calculation was to establish the limiting ignition 
conditions in temperature at a wall temperature of 300 K, depending on the H2 

content in the combustible mixture. The model reflects the experimental fact that at 
the initial stages of the combustion process, the development of the primary heating 
source leads to the propagation of the flame front [42] with a velocity U. 

The surface chain initiation reaction (generation of active combustion centers) was 
also taken into account, as well as the peculiarities of the mechanism of branched-
chain hydrogen oxidation (see Chap. 1). The reduced kinetic mechanism of hydrogen 
oxidation in the region of the upper ignition limit can be presented as follows [42]:

http://www.zaoeuromix.ru/
http://www.thermalinfo.ru/
http://www.thermalinfo.ru/
http://www.thermalinfo.ru/
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Fig. 3.14 IR—filming of initiated ignition with a heated Pd wire. 60 frames/s, T0 = 20 °C. A 
mixture (60% H2–40% methane)stoich–oxygen. P0 = 40 Torr. The time in seconds is given on the 
bottom right of each frame. The red triangle shows the maximum temperature in the rectangle. The 
blue triangle shows the minimum temperature in the rectangle, the cross indicates the temperature 
at the point. Emissivity is set to 0.95 (lower left corner of the frame)

Fig. 3.15 Experimental 
dependences of Tign on wires 
on the H2 content in the 
mixture, (1) Pd, (2) Pt, (3) 
nichrome, (4) kanthal, 
curves-calculations with the 
values k0cat = 4 × 1012 exp 
(−3500/T) cm3/(mol/s) for 
initiation by the heated Pd 
surface (lower curve), and 
k0cat = 2 × 1015 exp 
(−5000/T) cm3/(mol/s) for 
Pt (upper curve)

H2 + O2 → 2OH (0) k0 = 1.92 × 1014 exp(−21890/T)cm3/(mol/s) 
OH  + H2 → H2O + H (1) k1 = 4.63 × 1012 exp(−2100/T)cm3/(mol/s) 
H + O2 → OH + O (2) k2 = 1.99 × 1014 exp(−8460/T)cm3/(mol/s) 
O + H2 → OH + H (3) k3 = 1.88 × 1014 exp(−6897/T)cm3/(mol/s) 

H + O2 + M → HO2 + M (4) k4 = 6.47 × 1015(T/298)−0.8 cm6/ 
( 
mol2 /s 

) 

H + HO2 → 2OH (5) k5 = 1.69 × 1014 exp (−440/T)cm3/(mol/s) 
H2 + HO2 → H2O2 + H (6) k6 = 3 × 1013 exp(−14400/T)cm3/(mol/s) 
OH + O → H + O2 (7) k7 = 9.29 × 1012cm3/(mol/s) 

O + HO2 → OH + O2 (8) k8 = 3.25.1013cm3/(mol/s) 
OH + HO2 → H2O + O2 (9) k9 = 2.89.1013exp (250/T)cm3/(mol/s)
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2HO2 → H2O2 + O2 (10) k10 = 2.1012cm3/(mol/s) 
H2O2 + M → 2OH + M (11) k11 = 1.3.1017exp(−22750/T)cm6/ 

( 
mol2 /s 

) 

H + H + M → H2 + M (12) k12 = 2.2.1015cm6/ 
( 
mol2 /s 

) 

A two-dimensional problem was studied. The characteristic scales of the process 
were chosen as follows: t0 = 1/(k1 0 [H2]0), x0 = (D3/ k1 0[H2]0)1/2, U0 = x0/t0 = 
(D3 k1 0[H2]0)1/2 (scales of time, length and velocity, respectively, D3 is the diffusion 
coefficient of H2). We define dimensionless variables and parameters τ = t/t0, ξ = 
x/x0, η = y/y0, ϖ = U/U0, Yi = [concentration of the i-th component]/[H2]0, δi 
= Di/D3 (Di is the diffusion coefficient of the ith component). The velocity and 
coordinates of the propagating flame front were determined through D3: ϖ = U/(D3 

k1 0[H2]0)1/2, ξ = x/(D3/ k1 0[H2]0)1/2, η = y/(D3/ k1 0[H2]0)1/2. Here U, x and y are 
the corresponding dimensional quantities, k10 is the preexponential factor of reaction 
(1). Diffusion coefficients (Di/D3, i  = 0–6) δ0, δ1, δ2, δ3 = 1, δ4, δ5, δ6 in a hydrogen– 
oxygen mixture refer to OH, O, H, H2, O2, HO2, H2O2, respectively. The system of 
equations for the above reaction mechanism takes the form (m, n = 0 ÷ 6 refer to 
the reacting particles OH, O, H, H2, O2, HO2, H2O2, respectively): 

∂Yi/∂t = δi(∂2 Yi/∂ξ 2 + ∂2 Yi/∂η2 ) + 
∑ 

m /=i,n 

knYmYn − 
∑ 

m=i,n 

knYmYn 

∂T/∂t = δ7(∂2 T/∂ξ 2 + ∂2 T/∂η2 ) + 1/(Cpρ) 
∑ 

m,n 

QnknYmYn (3.1) 

The rate of heat release in the component of the reaction chain [42] is given by 
the last equation of system (3.1). Here Cp is the average specific heat at constant 
pressure, δ7 ≈ δ3 is the thermal diffusivity for near-stoichiometric mixtures, and δ7 
≈ δ4 for lean mixtures [42], T is the temperature (K), ρ is the mixture density g/cm3, 
taken from [60]. Specific heats Qi and diffusion coefficients were taken from [42]. f 
is the molar fraction of the initial component. 

The reaction–diffusion equation for O atoms is shown below as an example: 

∂Y1/∂t = δ1(∂2 Y1/∂ξ 2 + ∂2 Y1/∂η2 ) + k2Y2Y4 

− k3Y1Y3 − k7Y0Y1 − k8Y1Y5 

The solutions of system (3.1) satisfy the following boundary conditions for flame 
propagation from right to left (L is the dimensionless distance between the reactor 
axis and the reactor wall, symmetry conditions are set on the axis): 

Yi(ξ,  η) → 0 (i /= 3, 4), (ξ, η) → 300 K, ξ  → ±∞Y3(ξ, η) → fH2, 
Y4(x, h) → fO2, ξ  → −∞; ∂Y3(ξ, η)/∂η → 0, 
∂Y4(ξ, η)/∂η → 0, ξ  → +∞  
(∂Yi(ξ, η)/∂η)L = 0; (ξ, L) = 300◦ K
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When solving system (3.1), the initial fronts of the initial components Y3 [H2] and 
Y4 [O2] at zero time were determined according to the composition of the mixture. 
For the numerical solution, a finite-difference approximation of system (3.1) on  
a uniform grid of Cartesian coordinates was used. The two-step implicit scheme 
provided the second order of approximation of system (3.1) in spatial and temporal 
variables [61]. The distribution of the initial components in sections parallel to the 
central plane of the channel was approximated as follows: Y3 = 1/2 − 1/π(arctg(ξ 
+ η)), Y4 = 1/2 − 1/π(arctg(ξ + η)), the initial temperature front was defined as 
T = Tign exp ((ξ + η)2/50) [42], where Tign is an a priori (trial) estimate. These 
initial fronts correspond essentially to the initiation of flame propagation by an 
external source. In the calculations, we used 500 partition points along the ξ and 
70 ÷ 350 points of division along η coordinate. The Laplace operator was approxi-
mated according to the “cross” scheme. The boundary conditions on the wall and the 
plane of symmetry were also approximated with a second order accuracy, while the 
partial derivatives with respect to time were approximated by one-sided differences, 
providing first-order accuracy. The calculations used such values of steps in spatial 
and temporal coordinates, which did not change the solution of the original problem 
with a further decrease in the step. Integration was performed according to an explicit 
scheme using the “predictor–corrector” procedure. The change in the concentration 
and temperature distribution was displayed on the screen, which made it possible to 
control the calculated parameters during the computation and determine the time of 
its completion in the dialogue mode. In the course of integration, either the regime 
of propagation of all the fronts of the Yi concentrations at the same velocity was 
achieved, or the process of chemical transformation faded. It was assumed that the 
traveling reaction wave mode was achieved when the average value of the velocity 
did not change at a distance of 100 characteristic dimensions of the flame front, which 
was defined as the distance on the central plane of the channel where the dimension-
less concentration of hydrogen atoms decreased by a factor of e (e = 2.71828 …). If 
it was necessary to carry out long-term calculations (near the limits of flame propa-
gation), the following procedure was used. Because the propagating wave with the 
values of the governing parameters used in the calculations occupied no more than 50 
grid nodes, then when the wave approached the left boundary of the computational 
domain, and all changes in concentration and temperature occurred at 100 left grid 
nodes (there were only zero values on the right), the Yi values from the left half of 
the grid were transferred to the right half and the calculation was continued. The 
reliability of this calculation method was quantitatively verified in [62]. 

Obviously, to ensure ignition, a cycle of reactions must occur, in which branching 
takes place (an increase in the number of active centers, see Chap. 1) [63]. To 
lower Tign, namely, the flammability limit, the branching rate must increase [63], 
for example, due to the implementation of an additional branching reaction. Under 
the conditions of our experiment, this step can be reaction (5), in which a relatively 
inactive HO2 radical is converted into active OH, i.e. branching occurs additionally 
to the reaction (2). As is shown in [63], taking into account reaction (5) makes it 
possible to explain the expansion of the ignition region in the presence of H atoms 
generated by an external source. In our case, the source of atoms is the chain initiation
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reaction (0), because k0 (a, E) increases in the presence of a hot catalyst. This rate is 
defined below as k0cat (a is the preexponent, E is the activation energy). The higher 
the catalytic activity of the metal is, the greater the value of k0cat is. The numerical 
experiment consisted in the fact that the value of k0cat ≫ k0 for all experimental 
points of each curve in Fig. 3.15 was sought by means of paired linear regression 
analysis [64] with parameters a and E, so that the calculated curve was the closest 
to the experimental one. The experimental points on each curve were the average of 
the experimental temperatures, above which combustion occurred and below which 
there was no combustion. The calculated profiles of the concentration of the compo-
nents, temperature and flame velocity U for one of the experimental points are shown 
in Fig. 3.16. 

In Fig. 3.16, the shade of green determines the spatial distribution of Yi concen-
trations. While the boundaries between the shades are isoconcentration ones (for 
the temperature distribution by isotherms), a darker color corresponds to a higher 
concentration (temperature) value within the range of variation between isoconcen-
tration lines (isotherms). The interval between adjacent isoconcentration (isothermal) 
lines corresponds to a change in concentration (temperature) by 30%. In each of the 
given two-dimensional distributions, the top of the “frame” is the channel wall, and 
the bottom of the “frame” is the central plane. The calculation results are shown in 
Fig. 3.15 (curves). 

As can be seen from Fig. 3.15, taking into account the elementary reaction H 
+ HO2 → 2OH (5) allows one to explain the experimentally discovered depen-
dence of Tign on the H2 concentration. It also allows one to obtain satisfactory

Fig. 3.16 Calculated 
profiles of chemical 
components and temperature 
at a given point in time 
(when it is clear, whether the 
reaction has started or not) 
above a and below b Tign. 
The top of each frame is the 
reactor wall; bottom—the 
axis of the reactor. The front 
of  the flame moves from the  
center to both sides. P = 
40 Torr, wall 
temperature—300 K. a 
initial T = 680 K, ignition 
occurs; b initial T = 670 K, 
no ignition. U—flame 
velocity, arbitrary units 
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agreement with experimental data at k0 cat (a, E) values for catalytic materials: k0cat 
= 4 × 1012 exp (−3500/T) cm3/(mol/s) for palladium and k0 cat = 2 × 1015 exp 
(−5000/T) cm3/(mol/s) for platinum. 

It should be noted that the activation energy of the gross process for a hot palladium 
surface (~7 kcal/mol) is higher than for a cold palladium surface (2.4 kcal/mol), 
while for a hot platinum surface (~10 kcal/mol). It is lower than for the cold platinum 
surface (19 ± 4 kcal/mol), which may be due to both the use of the reduced hydrogen 
combustion mechanism and errors in temperature measurements. Establishing the 
nature of this discrepancy requires further investigation. 

3.5 The Influence of Noble Metals on Thermoacoustic 
Oscillations and the Boundaries of the Region 
of Negative Temperature Coefficient in Combustion 
of N-Pentane–Air Mixtures 

The previous paragraph was devoted to the catalytic ignition of hydrogen, the oxida-
tion of which is considered as a model process. The mechanism of ignition of hydro-
carbons involves a significantly larger number of elementary steps, the rate constants 
of many of which have not been experimentally measured. The great complexity of 
the mechanism of oxidation of hydrocarbons causes a number of specific phenomena 
that are observed during their combustion. 

Studying the ignition of hydrocarbons is of evident importance, but there has been 
no complete clarity about the puzzling phenomena intrinsic to that process. These are 
stepwise ignition and negative temperature coefficient (NTC), observed at consider-
ably low temperatures. NTC is the increase of the delay time of auto (thermal) ignition 
with reactor temperature growth in a certain interval of temperatures. It causes unde-
sirable phenomena in internal combustion engines [65, 66]. There is no consensus 
on the detailed hydrocarbon oxidation mechanisms over that temperature range as 
well as on an understanding of NTC phenomenon. As is known, a platinum layer 
on the reactor surface exhibits a promoting action on the hydrogen and hydrocarbon 
oxidation reactions [67], which is caused by heterogeneous development of reaction 
chains [68]. The occurrence of these heterogeneous reactions enhances the possi-
bility of spontaneous ignition of gas mixture at a surface and influences markedly 
on delay times of ignition; the state of the reactor surface is another factor, which 
determines the spatial pattern of the ignition. 

We emphasize once again that the design and operation of advanced reactors such 
as gas turbines or stationary and mobile fuel reformers require reliable micro-kinetic 
models to control the dynamics of combustion processes. The negative temperature 
coefficient phenomenon causes a reduction in mixture temperature for increasing 
inlet temperatures [69–71]. This behavior is known for higher hydrocarbons [70, 71]; 
limited data exist for methane oxidation. Under practical engine conditions, the igni-
tion characteristics of hydrocarbon fuels can be divided into two classes: those with
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single-stage auto ignition such as short-alkyl chain aromatics and alcohols, and those 
with two-stage auto ignition such as n-paraffins, unsaturated and cyclic hydrocarbons, 
with NTC phenomenon usually observed at temperatures below 850 K. When two-
stage ignition occurs, the first-stage ignition assumes an essential role because the 
second-stage ignition depends on the heat release and intermediate species gener-
ated in the first stage. Furthermore, the negative temperature coefficient regime of the 
total ignition delay covers exactly the temperature range, which is relevant to engine 
knock and related combustion phenomena [72, 73]. Since hydrocarbons with two-
stage auto ignition typically represent more than a half of practical fuels [74], engine 
processes controlled by combustion kinetics, such as homogeneous charge compres-
sion ignition, would occur in two stages as well; a low-temperature heat release 
stage is followed by a high-temperature heat release stage. It is then important to 
note that fuels with two-stage ignition have been found to offer significant advan-
tages in controlling combustion phasing and extending the homogeneous charge 
compression ignition operation range [75, 76]. Consequently, it is essential to better 
understand the NTC phenomenon to develop novel control strategies for optimal fuel 
economy and lower pollutant emissions. Yu et al. [77] numerically investigated the 
transitions from ignition to the flames as well as the combustion dynamics in stratified 
n-heptane/air mixture, which showed that the rich mixtures with fuel stratification 
can demonstrate knocking and acoustic phenomena. One-dimensional simulations 
were performed to study the auto ignition and flame propagation of n-heptane/air 
mixture in a broad temperature range including NTC regime under elevated pressure 
conditions. According to one-dimensional simulations, steady premixed flame prop-
agation affected by NTC chemistry shows a two-stage behavior, including both hot 
and cool flames [78]. It turns out that, despite all the variety of reacting systems and 
the conditions of development of chemical reactions in them, it is extremely difficult 
to determine the mechanism of ignition of the system. 

Indeed, all kinetic studies based on measuring the ignition delay time show that a 
homogeneous ignition of a mixture at considerably low temperatures is an exception 
rather than a rule (see, e.g., [19, 79–81]). An initial center of ignition originates 
on the reactor surface; in each subsequent experiment under the same conditions, 
the site of origin of the initial center varies. This means that the initiation of the 
thermal ignition process is always determined by the presence of reactive centers on 
the surface, the properties of which are determined by both surface defects having 
an excess of free energy and their catalytic properties; the ignition process includes 
stages of warming-up, local ignition, and flame propagation. The basic feature of 
ignition process lies in the fact that ignition occurs at separate sites of surface at 
uniform temperature of the reactor surface. Therefore, combustion originates on the 
surface of the reactor even under conditions of almost homogeneous warming up of 
a gas mixture. 

It should be noted in this connection that the ignition of the combustible mix in the 
heated reactor in swirling flow is on the contrary homogeneous [81]. In addition, in 
the presence of the surface in the form of aerosol, the ignition takes place on aerosol 
particles [19].
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We earlier performed the following experiments to determine whether the reactor 
surface produces a catalytic effect on the ignition of hydrocarbons [69]. To do this, 
we introduced into the heated reactor a platinum wire 0.3 mm in diameter and 0.5 m 
in length. It was shown that multiple ignition kernels occur along the wire at higher 
temperatures (see Chap. 1). Without the wire, only one kernel occurs on the reactor 
surface over the temperatures in the NTC interval. 

The pressure oscillograms for ignition under the same conditions in the absence 
and the presence of the catalytic surface showed the following. In the absence of 
the catalyst, cool flame ignition accompanied with considerably small warming up 
(if any occurred at all) quickly transforms into a hot one. Ignition kernels develop 
very rapidly, signifying in fact the beginning of hot ignition, while stepwise ignition 
and cool flames precede the stage of hot ignition. Although the pressure time history 
of the process is indicative of a cool flame ignition of the mixture, which manifests 
itself as a small step that precedes the main rise in pressure and appears much earlier 
than the ignition kernel recorded by the camera; filming frames show no detectable 
cool flames. 

A specific effect on the ignition produced by the introduction a catalytic surface 
into the reactor in the form of a platinum wire is not limited to speed filming and 
pressure recording. In addition, in different temperature regions, this catalytic surface 
influences the ignition differently, namely at low temperature, the catalytic surface 
has no appreciable effect on the ignition delay time, but over the temperature region, 
in which NTC is usually observed, the presence of that surface completely eliminates 
this phenomenon [69]. In this case, a center of catalyzed ignition is located along 
the surface of the wire, i.e., it serves as an ignition source; at higher temperatures, 
several ignition centers are observed. Since the ignition delay in this case behaves 
as if there is no difference between cool flame and hot ignition in the temperature 
region corresponding to NTC, we can conclude that the catalytic surface eliminates 
a certain stage of the kinetic mechanism (an inhibition step) after the emergence 
of the cool flame. This fact seems to be very significant for elucidating the nature 
of the intermediate products of the reaction probably causing the existence of NTC 
phenomenon. However, it remains unclear how platinum wire localized in a small 
volume of the reactor has such a noticeable effect on the volume process. 

This paragraph is aimed at the establishment of the features of the impact of noble 
metals (Pt, Pd) on specific combustion modes in the region of NTC. 

3.5.1 Experimental 

The ignition of n-pentane–air mixtures was studied in a rapid mixture injection 
static reactor (Fig. 3.17). A premixed fuel–air mixture passed from a storage vessel 
through a solenoid valve into a reactor, preliminary evacuated and heated to the 
desired temperature.

A stainless steel reactor, 12 cm in inner diameter and 25 cm in length, consisted 
of two hemispherical parts and narrow cylindrical one between them. The design of
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Fig. 3.17 Schematic diagram of the experimental setup: (1) reactor, (2) electric heater, (3) thermal 
insulation, (4) valves, (5) mixer, (6) pressure-reducer safety valve, (7) removable cover, (8) semi-
spherical inset, (9) pressure transducer, (10) ADC–computer based data acquisition system, (11) 
digital measuring device for thermocouple, (12) spark ignition circuit, (13) noble metal wire, (14) 
digital video camera

the heater provided a uniform temperature distribution in the reactor volume [82], 
which was controlled with a movable thermocouple placed at the reactor surface. In 
a number of experiments Pt or Pd wires (0.3 mm in diameter and 40 cm long) were 
placed perpendicular the axis of the reactor in its central part. 

Experiments were carried out with stoichiometric n-pentane–air mixtures over the 
pressure range of 2–3 atm. The pressure time history was recorded with a Karat-CI 
piezoelectric transducer (4 kHz), the signal from which was fed through an ADC to 
the computer. In a number of experiments, the reactor was equipped with an optical 
sapphire window at one of the ends (Fig. 3.17). Then ignition delays were additionally 
determined by a Casio Exilim F1 Pro color high-speed video camera (the frame rate 
is 600 fps). The video file was stored in the computer memory, and then it was 
processed frame-by-frame. Before each experiment, the reactor was evacuated with 
a 2NVR 5D vacuum pump to 10–2 Torr. The pressure in the reactor was measured by 
a vacuum meter and a standard vacuum gauge. An electromagnetic valve was used 
to open and close gas lines. N-pentane “Merck” of chemical pure grade, 99.9% Pt 
and 99.85% Pd were used. 

The sets of experiments were always performed starting from low temperatures. 
When getting desired temperature, the gas mix was supplied into the reactor in 
3 min. The reactor surface was scraped if there was a necessity to eliminate the noble 
metal from the walls of the reactor. The ignition delays were measured from the 
moment, at which gas supply ends, to the time of maximum pressure value. Then 
ignition delays were additionally determined by a Casio Exilim F1 Pro color high-
speed video camera from the end of gas supply estimated from the corresponding 
pressure curve to the moment of appearance of the primary ignition center on the 
catalytic wire [19] at the frame rate 600 fps. It was shown that delay times of ignition 
measured both using maximum pressure with pressure transducer and occurrence 
of chemiluminescence with digital camera are very close to each other, because 
ignition delay time is much more than the time of pressure rise, therefore it is correct 
to identify the ignition moment as a peak pressure.
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3.5.2 Results and Discussion 

First, by means of the direct measurements of temperature in the center of the reactor 
(10 cm in diameter and 10 cm in length) with thin 25 μm thermocouples at atmo-
spheric pressure and 800–980 K, it was shown that the time of warming up of gas 
mixture does not exceed 0.2 s. It is in agreement with results of Ref. [82] obtained 
in the same installation; that is much less than the time obtained by the equation 
considering the only conductive heat exchange. 

Before the experiment 3 (Fig. 3.18a), 0.5 mm thick inner surface layer of the 
reactor was scraped off mechanically. In Fig. 3.18a, the sets of experimental data 
on ignition delay times for a stoichiometric n-pentane–air mixture in the reactor in 
the absence and presence of the catalytic Pt surface are compared. As is seen in 
Fig. 3.18a, in the region of a positive temperature coefficient at lower temperatures, 
the catalytic Pt surface has almost no effect on the ignition delay time, i.e. on the 
process of ignition. However, in the region of the negative temperature coefficient, 
the role of the catalytic Pt surface becomes very significant in agreement with [69]. 
However, not all Pt is eliminated from the surface layer after scraping. The initial 
“fresh” surface layer manifests longer ignition delay times, i.e. NTC over an untreated 
surface is observed at longer delay times than over scraped one. 

Figure 3.19 displays typical pressure oscillograms at ignition under the same 
conditions in the absence and the presence of Pt and Pd. These oscillograms are 
shortened to increase the time resolution of oscillations: gas injection and most of 
ignition delay are not shown. It should be noted that the full pressure oscillograms 
show the stages in the process of ignition in the absence of a catalytic Pt surface in the 
reactor, whereas in the presence of the Pt catalyst, cool flame ignition immediately

Fig. 3.18 Temperature dependence of the ignition delay time τ for n-pentane–air stoichiometric 
mixture at initial pressure of 3 atm. The figures at the symbols specify the sequence of the experi-
mental sets; a Pt catalytic surface,bPd catalytic surface. In the box: The frame of cellular combustion 
of 40% H2 + 60% air mixture at the reactor walls temperature of 316 °C; Pt wire is placed in the 
stainless steel reactor [83] 
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transforms into hot one. The cool flame delay times (when a cool flame was observed) 
are rather close under our conditions to overall delays (the difference does not exceed 
0.15 s at lower temperatures), see also [69]. Pt catalyzed ignition is located along the 
surface of the wire, i.e. it serves as an ignition source. 

It should be noted that Pt and Pd experiments differ only in the material of the 
noble metal wire. The procedure and geometry of the apparatus are the same in the 
experiments; initial temperatures are very close to each other. Thus, the reproducibly

Fig. 3.19 Oscillograms of change in pressure for the ignition of n-pentane–air stoichiometric 
mixtures within the NTC region a in the absence of the catalytic surface, b in the presence of 
Pt wire, c in the absence of the catalytic surface (inner surface layer is previously scraped off), d in 
the presence of Pd wire  
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observed occurrence or absence of chemical oscillations is due to the chemical nature 
of the catalyst. 

Notice that the process of ignition of the hydrocarbon–air mixtures at atmospheric 
pressure begins with the occurrence of the initial centers at the most chemically 
active sites of the surface, which initiate propagation of hemispherical flame fronts. 
The localization of the center is determined by the state of reactor surface and the 
temperature. These factors determine the geometry of the interaction of the flame 
fronts with acoustic waves. It in turn influences the number and intensity of the 
pressure oscillations because these occur from the very moment of the flame initiation 
as a feedback loop caused by the interaction between a flame front as a heat source and 
acoustic waves repeatedly passing through the front (see, e.g. Ref. [84]). In addition, 
Fig. 3.19a presents the results over scraped surface, but as is shown in Fig. 3.18a, not 
all Pt is eliminated from the surface layer after scraping, therefore the surface states 
for Fig. 3.19a and c are somewhat different from each other. 

Because the delay time of ignition in this case behaves like if there is no difference 
between a cool flame and hot ignition within the temperature region corresponding 
to NTC [69, 85], we can infer that the catalytic Pt surface eliminates a certain step 
of ignition mechanism, probably an inhibition reaction [83], after the occurrence of 
the cool flame. 

As is seen in Fig. 3.19a, hot ignition in the absence of catalytic Pt surface within 
NTC region is accompanied by thermoacoustic oscillations; their maximum ampli-
tude is attained around the middle of the NTC region by temperature. As we noted 
above, thermoacoustic oscillations occur from the very moment of the flame initia-
tion. At a small length of a spherical flame front at the beginning of combustion, the 
amplitude of thermoacoustic oscillations will also be quite small. Under our condi-
tions, the process of amplification of the oscillations can be resolved by enhancing 
frequency and sensitivity of a pressure transducer. In Fig. 3.20a, typical oscillogram 
with increased sensitivity and frequency available for the pressure transducer used 
in the work is shown. In Fig. 3.20b, the oscillogram recorded with desensitized 
parameters is presented for comparison. As is seen in Fig. 3.20a, the amplification 
of oscillations on the section of pressure rise is clearly seen. However, this was not 
part of the task of this paragraph. It is aimed at establishment, under which condi-
tions the oscillations are observed, or not observed. The frequency of the oscillations 
is about 500 Hz; this value roughly corresponds to the first mode of oscillations 
of the hollow vessel with dimensions close to the reactor used in this paragraph 
[86]. However, in the presence of catalytic Pt surface the oscillations are no longer 
observed (Fig. 3.19b). According to Lord Rayleigh principle [87] for heat driven 
pressure oscillations, thermoacoustic instability is encouraged when the heat release 
fluctuates in phase with the pressure perturbation. It means that in the presence of Pt, 
heat release and pressure perturbations during the combustion occur out of phase. It 
agrees with the statement cited above that the catalytic Pt surface eliminates a certain 
stage of combustion (an inhibition step) after the occurrence of the cool flame. The 
stage may be e.g. the decomposition of some slow reacting intermediate peroxide on 
the Pt surface with the formation of a more reactive surface radical, for instance O 
and/or OH, which then can be desorbed. Such a mechanism was proposed in [88] for
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Fig. 3.20 Oscillogram of 
change in pressure for the 
ignition of n-pentane–air 
stoichiometric mixture at 
615 K in the presence of Pd 
wire 

hydrogen peroxide decomposition on platinum. It results in changing the rate of heat 
release during the hot ignition. The detailed mechanism of that stage in hydrocarbon 
oxidation obviously requires further consideration because experimental data on the 
reactions of gaseous alkyl peroxides on the surface of platinum are very scarce to 
date. 

Seemingly, thin Pt wire occupies a low volume and cannot influence the combus-
tion process in a gas. However, it is known [89] that at the temperature over 500 °C 
the molecules or clusters of both platinum oxide and platinum metal occur in gaseous 
phase. It was experimentally shown by the example of H2 oxidation at 1 atm in [22] 
that the catalytic effect of Pt particles expanding into the reactor volume (see box in 
Fig. 3.18a) leads to the sharp reduction of the time of the steady flame front forma-
tion. The normal velocity of the flame front in the presence of a catalytic particles in 
the volume is much higher, than without the catalyst. 

The catalytic effect of Pt in this work is almost similar to one described above. 
Thus, the chemistry of the process is that the thin film of feebly stable, solid 

platinum oxide is formed on platinum surfaces in air or oxygen at room temperature 
and thickens as the temperature is raised to about 500 °C; then it decomposes. It 
means that molecules or clusters of both platinum oxide and platinum metal exist 
in gaseous phase at temperatures over 500 °C. Therefore, Pt containing particles, 
which expand into the volume during combustion, are the catalytic centers, where 
catalytic reaction can take place in the course of flame front propagation and strongly 
influence the combustion mechanism. 

In the following series of experiments, the Pt wire was extracted out of the reactor 
and the dependence of the logarithm of an ignition delay time on reciprocal temper-
ature for the stoichiometric n-pentane–air mixture within NTC region was measured 
again. It turned out that NTC phenomenon was still missing. It is evidently due to the
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catalytic action of Pt-containing particles deposited on the reactor walls [89] after  
previous ignitions. 

To restore initial material of the surface (stainless steel), 0.5 mm thick inner 
surface layer of the reactor was again scraped off mechanically. In Fig. 3.18b, the 
experimental data on ignition delay times for a stoichiometric n-pentane–air mixture 
in the reactor in the absence and presence of the catalytic Pd surface are compared. As 
is seen in Fig. 3.18b, both in the region of positive temperature coefficient and in the 
region of negative temperature coefficient the catalytic Pd surface has almost no effect 
on the ignition delay time, i.e. on the process of ignition. The obtained result is in 
agreement with the data [90]. It was shown in the work that in the presence of Pd foil, 
the cellular structure of the flame front of the H2–CH4–air mixtures is not observed, as 
compared with the results obtained on the Pt surface. This is due to the greater stability 
of PdO in comparison with PtO2, which is very unstable and decomposes over 500 °C 
(see above). Figure 3.19c, d display pressure oscillograms for ignition under the same 
conditions in the absence (c) and the presence (d) of the catalytic Pd surface. As is 
seen in the Fig. 3.19c, the reactor inner surface was recovered from the mechanical 
treatment; hot ignition both in the absence and in the presence of catalytic Pd surface 
within NTC region is accompanied by thermoacoustic oscillations; their maximum 
amplitude is achieved in the middle of NTC region. It is an additional indication 
that in the presence of the catalytic surface, which does not noticeably react with 
oxygen at flame temperature and does not generate catalytic centers propagating into 
a volume, NTC phenomenon occurs. 

Let us summarize the main experimental results. 

(a) In the region of a positive temperature coefficient at lower temperatures, catalytic 
Pt surface has almost no effect on the ignition delay time, i.e. on the process of 
ignition. However, in the region of the negative temperature coefficient NTC, the 
role of the catalytic Pt surface becomes very significant: the NTC phenomenon 
vanishes; 

(b) We can infer that the catalytic Pt surface eliminates a certain step of ignition 
mechanism, probably an inhibition reaction, after the occurrence of the cool 
flame; 

(c) In the presence of Pt, heat release and pressure perturbation during the combus-
tion occur out of phase. It agrees with the statement cited above that the catalytic 
Pt surface eliminates a certain stage of combustion (an inhibition step) after the 
occurrence of the cool flame. The stage may be e.g. the decomposition of some 
slow reacting intermediate peroxide on Pt surface with the formation of a more 
reactive surface radical, for instance O and/or OH, which then can be desorbed; 

(d) Seemingly, thin Pt wire occupies a low volume and cannot influence the combus-
tion process in a gas. However, at the temperature over 500 °C the molecules 
or clusters of both platinum oxide and platinum metal occur in gaseous phase. 
We showed earlier that these particles enter the reactor volume by diffusion 
and convection and act as catalytic centers, on which ignition takes place in 
the course of flame front propagation. These are the centers, which reactions 
strongly influence the combustion mechanism;
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(e) The absence of Pd effect on NTC is due to the greater stability of PdO in 
comparison with PtO2; it is additional evidence that in the presence of the 
catalytic surface, which does not noticeably react with oxygen at flame temper-
ature and does not generate catalytic centers propagating into a volume, NTC 
phenomenon occurs. 

In the further kinetic analysis, we wanted to build on the reliable kinetic data. 
However, the analysis of the detailed kinetic mechanism of n-pentane oxidation 
is premature due to lack of information (see below). In addition, in Ref. [91], the 
detailed mechanism of adsorption–desorption and surface oxidation of hydrogen on 
platinum is considered, elementary constants of 23 elementary reactions are given. 
It is obvious that these are estimates rather than experimental data; therefore, the 
reliability of the mechanism of catalysis is doubtful. Also, in the calculations of the 
ignition temperature of H2–O2 mixes over Pd foil decreases for leaner mixtures; it 
is contrary to experiment [92]. Therefore, there is no reliable kinetic data on the H2 

+ O2 kinetics over Pt particularly with the participation of n-pentane. 
Notice that numerical investigations including kinetic mechanisms are consid-

erably speculative; their value is often exaggerated. Really, any comparison of e.g. 
experimentally detected flame front propagation with a result of numerical modeling 
is credible only in a qualitative aspect, namely on velocity change of movement 
of the boundary between initial and actively reacting gas, as well as on the shape 
of this border and on the degree of its “smoothness” or perturbations of its struc-
ture. The consideration of detailed kinetics in calculations provides additional uncer-
tainty since most of kinetic parameters (e.g. preexponent and activation energy for 
every reaction step) are not accurate enough to draw sufficient conclusions. The 
completeness of the kinetic mechanism is reasonably always under question because 
a certain important reaction can be overlooked. This is particularly true for n-pentane 
oxidation as well as for the reactions of the alkylperoxide responsible for NTC 
phenomenon. Moreover, there are no unicity theorems on reactive Navier–Stokes 
equations; thus, any agreement between calculated and experimental quantities does 
not argue for agreement between calculation and experiment, as there can be other 
sets of governing parameters describing the same experimental data [42]. 

The above can be illustrated by the example of the mechanism of methane oxida-
tion. For the mathematical analysis, the mechanism, which includes all possible reac-
tions is first reduced; namely the reactions in this system are excluded by means of 
various algorithms e.g. the program environment “Chemical Workbench”. However, 
in literature the question of uniqueness of the optimum reduction process using a 
certain algorithm is not strictly proved. Therefore, there are several similar algo-
rithms leading to different mechanisms. Thus, simplification of a probably incom-
plete mechanism is a non-strict process, which can lead to an unacceptable error. For 
instance, one of the most popular is the methane oxidation mechanism known as the 
GRI-Mech; one of its versions consists of 325 elementary steps and 53 components. 
However, this mechanism does not describe some aspects of methane combustion, 
such as soot formation. Though there are such components as methanol and acety-
lene, the mechanism cannot be applied to the description of the processes of their



3.5 The Influence of Noble Metals on Thermoacoustic Oscillations … 129

oxidation. Thus, the mechanism fails to describe accurately the important features 
of methane oxidation. It means that the mechanism has no predictive force, because 
it incorrectly describes known regularities of that process. One can conclude that 
the contemporary results based on calculations can serve at best only for qualitative 
illustration of experimental data [93]. This applies even more so to the mechanism 
of n-pentane oxidation in the presence of a catalyst. 

Due to aforesaid, we used the qualitative approach, namely the simplest kinetic 
mechanism only to illustrate the experiment; because the analysis of detailed chem-
ical kinetics will have no scientific value since it will be reduced to fitting a few 
hundred kinetic parameters. 

Thus, we took an attempt to illustrate qualitatively the influence of the chemical 
mechanism and heat release by a simple example of a sequence of two chain chemical 
reactions by means of numerical modeling. The system of compressible dimension-
less reactive Navier–Stokes equations in low Mach number approximation presented 
in [42, 92, 93], which describes the flame propagation in a two-dimensional area was 
used. 

The following reaction set was analyzed. The combustion process for certainty was 
presented by an elementary chain mechanism: C → 2n (w0) and n + C → 2n + n1 + 
products (β0, Q  = β1) and n1 + C → n + products (β, Q  = β2), Q—heat release in a 
step. The second reaction can be considered as some kind of gross process involving 
molecular clusters containing a catalyst. We will specify that by consideration of 
the process of stationary flame propagation, a reaction of chain origination w0 can 
be neglected [94]. The set of dimensionless reactive Navier–Stokes equations is 
presented in Chap. 2, Sect. 2.5, Appendix. We will recall it in order not to refer the 
reader to Chap. 2. When considering the problem, the designations given in Chap. 2 
are kept below. 

ρT = P (a) 
ρt + (ρv)y + (pu)x = 0 (b) 
ρ(ut + vvy + uvx) + Py /γ M2 = 1/Fr + Sc(∇2v + 1/3 Ky ) (c) 
ρ(vt + vuy + uux) + Px /γ M2 = 1/Fr + Sc(∇2u + 1/3 Kx ) (d) 
ρ 
[ 
Tt + vTy + u Tx 

] − (γ − 1)/γ Pt − (γ − 1)γ M2[Pt + uPx + vPy ] = ∇2T + β1W + β2W1 (e) 
ρ 
[ 
Ct + v Cy + uCx 

] = Δ2C + w0 − β0n W  − βn1 W1 (f) 
ρ 
[ 
nt + v ny + u nx 

] = Δ2n + w0 + 2β0n W  + βn1 W1 (g) 
ρ 
[ 
n1t + v n1y + u n1x 

] = Δ2n + β0n W  − βn1 W1 (h) 
W = C exp  (ζ − ζ/T) (i) 
W1 = C exp  (ζ1 − ζ1/T) (j) 
Ptt − −1/M2∇2 P = q(CP − 1)[β1Wt + β2(W1)t] (k) 

(3.2) 

where ∇2 = (…)yy + (…)xx is the two-dimensional Laplace operator, Kv = vy + ux 
is the viscous dissipation, M - Mach number, P(x,y,t) = P0(t) + γ M2p2(x,y,t) + 
O(M3), P0(t)—static pressure (computed as in [95]), p2(x,y,t)—dynamic pressure. 
Ptt = d2P/dt2, d(…)/dt is a material derivative, u and v are the velocity compo-
nents in the directions x, y, respectively, ρ is the density and T is the tempera-
ture. C—reagent concentration, 1 − C—extent of transformation, ζ—dimensionless 
coefficient proportional to E/R. Dimensionless parameters—Schmidt’s criterion Sc



130 3 Regularities of Combustion of Hydrogen–Hydrocarbon (C1–C6)–Air …

= ν/D, D—diffusivity (0.3 cm2/s at 1 atm [60]), ν—gas kinematic viscosity (10–5 

cm2/s [60]), γ—the relation of constant pressure and constant volume thermal capac-
ities; β1 characterizes heat release allocation for concentration, β is a kinetic coeffi-
cient proportional to Damköhler number. The initial values are the following: ρ0 = 
0.001 g/cm3 [60], T0 = 1, P0 = ρ0T0, ζ = 10.5, γ = 1.4, β = 0.2, β1 = 0.3, CP = 0.3 
kal/g grad [60] and C0 = 0, respectively. These values were used for calculations in 
Fig. 3.21. Lewis’s number is equal Le = 1 that assumes equality of Sc = Pr where Pr 
= ρ0Cp ν/λ, λ—heat conductivity and Cp—thermal capacity at constant pressure. 
Scales of length and speed are determined as ld 2 = Dtd, and Ud = ld/td, respectively. 
Then Reynolds’s number is ld Ud/ν = 1/Sc. Mach number is M =Ud/c0; it is accepted 
equal 0.025, where c0—the speed of sound. If the standard representation of pressure 
is used, then usual replacement of variables P = P0p leads to occurrence of a factor 
1/M2 in the term grad p in impulse equation [96, 97]. It is accepted that pressure 
values satisfy wave equation [the last equation (k) of the set (a)–(k)], which can 
be obtained from the continuity and impulse equations taking into account internal 
power sources and neglecting terms of order 1/M [96, 97]. The equation (k) of the 
set (a)–(k), describing waves in the moving non-uniform media with a heat source, 
follows from continuity and impulse equations (q = ld 2/(Ud 

4ρ0) ≈ 1—the parameter 
arising at the reduction to a dimensionless form), therefore the set (a)–(k) is overde-
termined. In order that the quantity of the equations must correspond to the number 
of unknowns, Eq. (a) is excluded from the set (a)–(k) in the further analysis.

The parameters were assumed to be ζ = 4, ζ1=7.5 β0 = 0.1, β = 0.15, β1 = 0.22, 
β2 = 0.3. Diffusivities Dn = Dn1 = 0.3, Tt = T – T0. 

The solution of the problem was carried out by finite element analysis with the 
package (FlexPDE 6.08, 1996-2008 PDE Solutions Inc. [98]). The results of calcula-
tion of thermoacoustic oscillations in the reaction set (b)–(k) are shown in Fig. 3.21. 
On the top, the calculation of temperature field is shown. At the bottom, kinetic pres-
sure curves calculated at the point of the top of the reactor (indicated by a square), 
corresponding to the conversion degree specified on the top of Fig. 3.21 are shown. 
Each column corresponds to the initial dimensionless wall temperature specified at 
the bottom of Fig. 3.21. It is seen that at T = 6 the oscillations during combustion are 
most intense, and at T = 3 and T = 9 the oscillations are less intense; it qualitatively 
illustrates the experiment. 

As is also seen in Fig. 3.21, the interchange of activation energies of two radical 
reactions leads to marked changes in the modes of thermoacoustic oscillations. This 
is most likely because the heat release and pressure perturbation at ζ = 4, ζ1 = 7.5 
during the combustion occur to a greater extent out of phase than at ζ = 7.5, ζ1 = 4 
at the expense of change in time dependencies of heat release during combustion. 

It should be noted that the analysis of a single chemical reaction when the second 
one is excluded (β = 0), which is equivalent to its complete inhibition, does not 
lead to an effect when, with an increase in the initial temperature, the intensity 
of thermoacoustic oscillations first increases and then decreases. It means that this 
simple model allows a qualitative representation of NTC phenomenon. 

Therefore, it is clear that the reliable micro-kinetic model must take into account 
the occurrence of thermoacoustic oscillations; the exclusion of a certain stage of the
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Fig. 3.21 The results of numerical calculation of the set of compressible dimensionless reactive 
Navier–Stokes equations in low Mach number approximation. A detailed explanation of this figure 
is given in the text

kinetic mechanism (probably of superficial character) should cause the NTC reaction 
mode to disappear. It is obvious that the establishment of the detailed combustion 
mechanism satisfying the conditions obtained in the present work requires not only 
additional experimental information but also an increase in the amount of calculations 
using a significantly large computer capacity for going through all possible variants 
of the reaction steps. 

We summarize shortly the results obtained. 
The peculiarities of ignition of premixed stoichiometric n-pentane–air mixtures 

were studied in a rapid mixture injection static reactor in the presence of metallic Pt 
and Pd in the region of negative temperature coefficient (NTC). It is shown that in 
the absence of noble metals thermoacoustic oscillations occur within NTC region. 
However, in the presence of Pt catalyst surface, which reacts with oxygen at the flame 
temperature and generates catalytic centers propagating into volume, thermoacoustic 
regimes of thermal ignition disappear. In other words, the catalytic Pt surface elimi-
nates a certain inhibition stage of kinetic mechanism after the occurrence of the cool 
flame and NTC phenomenon vanishes; the stage may be e.g. the decomposition of 
some intermediate slow reacting peroxide on Pt surface with the formation of a more 
reactive radical. In the presence of the catalytic surface (Pd), which does not react 
at the flame temperature and does not generate catalytic centers propagating into 
volume, NTC phenomenon occurs.



132 3 Regularities of Combustion of Hydrogen–Hydrocarbon (C1–C6)–Air …

Thus, the detected regularities must be taken into account in numerical simulations 
of NTC phenomenon. In other words, the oscillations and NTC phenomenon must 
both disappear in calculations after excluding a certain reaction or a series of reaction 
steps from the mechanism. The step must include the superficial reaction of an active 
intermediate of combustion on Pt surface, in which more active intermediates are 
formed from a low-active one. 

3.6 A Negative Temperature Coefficient Phenomenon 
in the Combustion of Hydrogen–Propane–Air Mixtures 
Over Pd Foil 

The existence of a negative temperature coefficient region in hydrocarbon oxida-
tion reactions suggests the existence of a similar region in the catalytic oxidation 
of hydrogen–hydrocarbon mixtures, but caused by a change in surface state from 
ignition to ignition, which we described in Chap. 2. Experimental observation of 
such a region will be described below. 

The investigation of ignition of fuels, mainly hydrocarbons or hydrogen–hydro-
carbon mixed fuels, is of obvious practical importance, but even to this day, there 
is no complete clarity about the mysterious phenomena accompanying this process. 
One of the most poorly understood are stepwise ignition and negative temperature 
coefficients (NTC), observed at considerably low temperatures [42]. NTC is the 
increase of the delay time of ignition with temperature growth in a certain interval 
of temperatures. As it was discussed in the previous paragraph, it causes undesirable 
phenomena in internal combustion engines [66, 99]. There is no consensus on the 
detailed mechanisms of hydrocarbon oxidation in this temperature range as well as 
on the nature of NTC phenomenon. We have shown in Sect. 3.4 of this chapter, using 
rapid mixture injection static reactor that at temperatures < 660 K, the catalytic 
Pt surface has no appreciable effect on the ignition delay time of thermal igni-
tion of stoichiometric n-pentane–air mixture. However, in the temperature region 
in which negative temperature coefficient is usually observed, the presence of Pt 
surface eliminates NTC occurrence [69]. The revealed feature seems to be the key 
one for understanding NTC phenomenon. 

Noble metals impact on the flammability of hydrogen–hydrocarbon blends differ-
ently. We showed above that the ignition temperature of the mixture 40% H2–air over 
Pd metal (70 °C, 1 atm) is ~ 200° less than over the Pt surface (260 °C, 1 atm) [31, 
90]. In addition, Pd ignites stoichiometric mixes (30 ÷ 60% H2 + 70 ÷ 40% CH4) 
+ air (θ = 1, equivalence ratio θ is a fraction of fuel in the mix with air: θ H2 + 0.5 
(O2 + 3.76N2)); metallic Pt cannot ignite these up to 450 °C, i.e. Pd is more effec-
tive than Pt. We also showed that the cellular structure of a flame front at ignition 
with Pd is not observed as compared with the results obtained over Pt surface. Thus, 
Pd to a greater extent meets the requirements for hydrogen recombinators in NPP, 
because no catalytic particles as ignition centers formed by decomposition of volatile
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oxide can appear in gas phase as compared to Pt [42]. The experimental value of 
the effective activation energy of the process is estimated as 3.5 ± 1 kcal/mol that is 
characteristic of surface processes. It indicates the noticeable role of the dark reaction 
of consumption of H2 and O2 observed directly at low pressures [31]. 

We found that the temperature of the “upper” ignition limit over palladium surface 
at 1.75 atm, measured with a bottom-up approach by temperature, of the mixtures 
30% methane + 70% hydrogen + air (θ = 0.9, T = 317 °C) and 30% propane + 70% 
hydrogen + air (θ = 1, 106 °C) decreases after subsequent ignitions to the “lower” 
ignition limit and amounts to 270 °C, for the hydrogen–methane mix and to 32 °C 
for the hydrogen-propane mix. The limit returns to the initial “upper” value after 
processing of the reactor with oxygen or air, i.e. a hysteresis effect occurs. Thus, the 
“lower” ignition limit corresponds to the reactor or Pd surface treated with ignitions; 
the “upper” one corresponds to the “fresh” reactor or Pd surface. 

As is seen from above, noble metals influence on the NTC phenomenon and give 
rise to hysteresis phenomena in H2–hydrocarbon blends combustion as well. These 
factors give good grounds for expecting NTC phenomena in low temperature area 
as well as the hysteresis phenomenon in the combustion of H2–hydrocarbon blends 
over catalytic surface. 

The present paragraph concentrates on both the detection and the establishment the 
nature of the low temperature NTC phenomenon in the hysteresis area of combustion 
of (70 ÷ 40%) hydrogen– (30 ÷ 60%) propane–air mixtures with θ = 1 over Pd at 
total pressures 1 ÷ 2 atm. The paragraph is also aimed at the establishment of 
both dependencies of the ignition delay period on time and the relationship of a 
flammability limit over Pd surface on temperature. 

3.6.1 Experimental 

The experiments were performed with gas mixtures of (70 ÷ 40%) hydrogen– (30 ÷ 
60%) propane–air mixtures with θ = 1 over Pd at total pressures 1 ÷ 2 atm. A heated 
cylindrical stainless steel reactor 25 cm in length and 14 cm in diameter, equipped 
with demountable covers and an optical sapphire window in one of the covers was 
used in experiments [90]. The accuracy of temperature measurements was 0.3 K. 
Recording of ignition and flame propagation was performed by means of a color 
high-speed camera Casio Exilim F1 Pro (frame frequency—600 s−1). A video file 
was stored in computer memory and its time-lapse processing was performed [42]. 
The pumped and heated reactor was quickly filled with the gas mixture from a high-
pressure buffer volume with the necessary pressure. We recall that the ignition limit 
was determined as the mean of two temperatures at the given pressure; e.g. for a 
bottom-up approach by temperature: at lower temperature the ignition was missing, 
at a higher one the ignition occurred. An electromagnetic valve was used to open and 
close gas communications. A pressure transducer recorded pressure in the course of 
gas intake and combustion. A Pd foil 80 mm long, 1 mm wide and 0.066 mm thick 
was placed in the reactor. The Pd wire was used both to ignite the flammable mix and
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to estimate the warming-up of the wire as a bridge arm. Before each experiment, the 
reactor was pumped down to 0.01 Torr; after each ignition, the pumping continued 
during 1.5 h to pump out most of the water vapor. Total pressure in the reactor 
was monitored with a vacuum gauge, and the pressure in the buffer volume was 
controlled with a manometer. Chemically pure gases and 99.85% Pd were used. X-
ray photoelectron spectroscopy (XPS) measurements were performed by means of 
Kratos AXIS Ultra DLD device. The microstructure of Pd foil and wire was examined 
using field emission ultra-high resolution scanning electron microscope Zeiss Ultra 
Plus (Germany) equipped with an X-ray microanalysis console INCA 350 Oxford 
Instruments. 

3.6.2 Results and Discussion 

Time dependencies of the Pd wire resistance during the ignition of C3H8 + H2 + air 
mixtures are shown in Fig. 3.22a, b. The dependencies correspond to the successive 
temperature values below the “upper” catalytic ignition limit measured with a bottom-
up approach. As is seen in Fig. 3.22a, b, the ignition delay periods τ first decrease 
with a decrease in temperature; but then τ values increase until the “lower” catalytic 
ignition limit is achieved. Thus, we observe the NTC phenomenon somewhat similar 
to one known in literature [42]. In our case, the NTC phenomenon we found has an 
obvious explanation. It is caused by the changes in the state of Pd surface.

The dependence of H2 fraction at the “upper” ignition catalytic ignition limits (a 
bottom-up approach) in the mixtures under investigation in Arrhenius coordinates 
similarly to [90] is presented in Fig. 3.22c. As is seen in Fig. 3.21c, the depen-
dence can be approximated by a straight line (the correlation coefficient is 0.978, 
the data were processed with the use of the program package Statistica 9 (Statsoft)). 
The experimental value of effective activation energy of the process is E = 2.2 ± 
1 kcal/mol that is characteristic of surface processes [25]. It should be noted that the 
value of effective activation energy is close to one obtained from the dependence of 
the H2 fraction in the flammable mixtures on temperature in Arrhenius coordinates 
for H2–air and H2–CH4–air mixes [90]. It is also evidence that the detected NTC 
phenomenon is strongly associated with the state of Pd surface. 

In this regard, studies have been conducted in order to examine the state of Pd 
surface. An initial sample of Pd foil was compared with one treated with 70 ignitions 
by means of X-ray photoelectron spectroscopy and scanning electron microscopy. 

As is revealed in [100], in examining the partial oxidation of methane over 
Pd/Al2O3 catalyst, the peaks at lower binding energies (335 eV) are characteristic of 
metallic Pd with PdOx species appearing slightly higher at 336–337 eV. Due to the 
catalyst preparation method and storage (i.e. exposure to air), Pd shows some degree 
of oxidation for all samples at 500 °C, but metallic Pd peaks at 335 eV are dominant 
at these lower temperatures. As the temperature is increased to 600 °C and again 
to 650 °C, XPS signal characteristic of a PdOx species at 336.0–336.2 eV becomes 
dominant for most particle sizes. In addition, metallic Pd (335 eV) also has a strong
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Fig. 3.22 Monitoring of the change in the Pd wire resistance during the ignition of a 60% C3H8 
+ 40% H2 + air mixture; initial temperature. (1) 174 °C, (2) 168 °C, (3) 165 °C, (4) 98 °C, P = 
1.75 atm. b 40% C3H8 + 60% H2 + air mixture; initial temperature. (1) 104 °C, (2) 102 °C, (3) 
58 °C, (4) 45 °C, (5) 38 °C, P = 1.75 atm. The ignition delay τ is indicated in the figure. c The 
dependence of the H2 fraction at the “upper” ignition limits in the mixtures under investigation in 
Arrhenius coordinates (a bottom-up approach by temperature) at P = 1.75 atm

contribution in the XPS spectra, and the data show that a mixture of both Pd metal 
and Pd oxide is needed to continue the reaction, after the oxide has initially been 
formed. At temperatures above 700 °C, the oxide species is reduced to metallic Pd. 
According to above, as is seen in Fig. 3.23, the treated Pd sample contains greater 
amount of PdO than initial sample. PdO species arise due to gaseous oxidation and 
then decompose again to Pd and O2 at 900 °C [101]. It means that both Pt oxide and 
Pt metal in the form of molecules or clusters of exist in gaseous phase at temperatures 
over 900 °C. Notice that the maximum temperature of hydrogen- propane–air flame 
attains 1600 °C under our conditions.

The results of electron spectroscopy investigation are presented in Fig. 3.24. As  
is seen, the initial sample represents the surface with rolling marks (Fig. 3.24a). 
In the sample treated with ignitions, the defects in the form of openings develop 
(Fig. 3.24b). It was found that their depth reaches 1 μm. These defects are focused 
on the patterns having the form of etching figures (Fig. 3.24c); the etching substances 
are evidently active intermediates of H2 and CH4 oxidation.
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Fig. 3.23 Pd 3d5/2 and Pd 
3d3/2 photoemission spectra 
obtained from (1) initial Pd 
foil and (2) Pd foil treated 
with 70 ignitions of mixes 
(30 ÷ 60% H2 + 70 ÷ 
40% CH4) + air. Photon 
energy is 460 eV

Fig. 3.24 Micrographs of the Pd foil surface a of initial Pd foil, b, c of treated Pd foil 

The etching process can be easily vizualised by means of speed color cinematog-
raphy (Fig. 3.25). As is seen in Fig. 3.24, an orange flow of particles moves up 
simultaneously with propagating flame front. The fact that the particles rise up indi-
cates that the particles are hot. It is clearly seen from the sequence of frames that 
these particles occur in the immediate vicinity of the surface of palladium metal. 
We may conclude, therefore, that we observe PdO particles, which originate in the 
process of oxidation of Pd surface; these partially decompose to Pd and O2 at the 
temperature of flame products. This means that the catalyst Pd is consumed in the 
reaction of chemical etching with (most likely) active intermediates of the flame. It 
should restrict the applicability of palladium in stationary ignition devices.

As is seen from the above, the catalytic ignition in the vicinity of the ignition 
limit over palladium surface, measured with a bottom-up approach by temperature, 
provides etching and a corresponding increase in Pd surface area (see Fig. 3.24b, 
c). It leads to acceleration of the surface reaction of H2 oxidation and hence to 
the acceleration of the overall process. Each subsequent ignition causes a further 
increase in the catalysic surface area, therefore the values of ignition delay decrease 
by temperature; then τ values increase until the “lower” catalytic ignition limit is 
achieved. 

It is shown that at combustion of (70 ÷ 40%) hydrogen– (30 ÷ 60%) propane– 
air mixtures (θ = 1) over palladium at total pressures 1 ÷ 2 atm the ignition delay 
periods τ first decrease with a decrease in temperature; but then τ values increase until
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Fig. 3.25 High speed color registration of the initiation with a palladium wire and flame propagation 
in mixes 60% CH4 + 40% H2 + air mix, θ = 1, P = 1.75 atm, 174 °C, 600 s−1. Numbers in each 
frame correspond to a consecutive number of the video image during the catalytic ignition

the ignition limit is achieved i.e. NTC phenomenon occurs. The effective activation 
energy of the process is E = 2.2 ± 1 kcal/mol that is characteristic of a surface 
process. Thus, NTC phenomenon is strongly associated with the state of Pd surface. 
It is found out that in the sample treated with ignitions, the defects in the form of 
openings, which are focused on etching patterns, arize. In the process, PdO particles 
form, which originate in the process of oxidation of Pd surface; they decompose 
to Pd and O2 at the temperature of flame products. Thus, the negative temperature 
coefficient at combustion of hydrogen–propane–air mixtures over palladium at total 
pressures 1 ÷ 2 atm is caused by an increase in Pd surface area due to the reaction 
of chemical etching with active intermediates of combustion. This means that Pd is 
spent in the reaction of chemical etching with active intermediates of combustion. It 
should limit the applicability of palladium in ignition devices. 

3.7 Ignition of Hydrogen–Methane 
and Hydrogen–Isobutene Mixes with Oxygen Over Rh 
and Pd at Low Pressures 

In the previous paragraphs, we considered the features of catalytic ignition of hydro-
carbons and their mixtures with hydrogen. However, the factors determining the 
boundaries of the catalytic ignition regions of hydrogen–hydrocarbon mixtures, the 
knowledge of which is important, for example, to address the issues of explosion 
safety, remained unaffected in above consideration. In addition, in this paragraph, 
the regularities of the process in the conditions of the dark reaction and, accordingly, 
incomplete combustion of fuel are established. 

As is well known, methane reaction with oxygen occurs in a dark on hot plat-
inum wire as a catalyst [1]. This has stimulated a great interest in the study of 
catalytic oxidation processes in view of a potential for the industrial applications. 
For instance, this is promising for use in electric power generation systems [4], 
for reducing methane emissions in mines [5], and in automobile emission control 
systems [6]. Hydrogen–hydrocarbon blends attract attention as alternative fuels for



138 3 Regularities of Combustion of Hydrogen–Hydrocarbon (C1–C6)–Air …

power generation for the following two reasons. The first refers to the opportunity of 
adding hydrogen to methane in order to improve performance and to reduce pollu-
tant emissions of lean combustion [6]. The second reason is due to concerns about 
global warming possibly reduced by using hydrogen in both fuel cells and combus-
tion devices [34]. Note, however, that this reason makes sense only in the case of 
the fairness of the theory of global warming. As indicated in the introduction, this 
hypothesis is more connected with the desire of a number of bureaucratic structures 
to earn more money. 

Noble metals can also catalyze reactions during chemical vapor deposition 
(CVD) in the synthesis of carbon nanostructures. These were synthesized on Al2O3 

supported Pd nanoparticles [102]. The addition of hydrogen or oxygen to acetylene 
highly influences the growth products on Pd [103]. Different carbon nanostructures 
could be synthesized by catalytic CVD on palladium (Pd) nanoparticles. Multi-walled 
carbon nanotubes (MWCNTs) and carbon nanofibers (CNFs) were grown selectively, 
dependent on temperature, using acetylene as carbon precursor [104]. 

There are many modes of noble metals impact on the flammability of hydrogen– 
methane blends. It was shown that the ignition temperature of the mixture 40% H2–air 
over Pd metal (70 °C, 1 atm) is ~ 200° less than over the Pt surface (260 °C, 1 atm) 
[31, 69]. In addition, Pd ignites stoichiometric mixes (30 ÷ 60% H2 + 70 ÷ 40% 
CH4) + air (θ = 1, equivalence ratio θ is a fraction of fuel in the mix with air: θ H2 

+ 0.5 (O2 + 3.76 N2)); metallic Pt cannot ignite these up to 450 °C, i.e. Pd is more 
effective than Pt. The experimental value of the effective activation energy of the 
process is estimated as 3.5 ± 1 kcal/mol that is characteristic of surface processes. 
It indicates the noticeable role of the dark reaction of consumption of H2 and O2 

observed at low pressures [31]. 
It was experimentally shown that the temperature of the catalytic ignition limit 

over Pd at P = 1.75 atm, measured with a bottom-up approach by temperature (when 
increasing temperature from a state of no ignition), of the mixtures 30% methane 
+ 70% hydrogen + air (θ = 0.9, T = 317 °C) and 30% propane + 70% H2 + 
air (θ = 1, T = 106 °C) markedly drops after subsequent ignitions to T = 270 °C 
for H2–CH4 mix and to T = 32 °C for the H2–C3H8 blend. The catalytic ignition 
limit returns to the initial value after treatment of the reactor with O2 or air, i.e. a 
hysteresis phenomenon occurs. The ignition limit of the mixtures 30% (C2, C4, C5, 
C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, 1.2, correspondingly) over Pd amounts to 
25 ÷ 35 °C at P = 1.75 atm; the hysteresis effect is missing. It was found that the 
lean 30% C2H6 + 70% H2 + air mix (θ = 0.6) shows the lowest temperature of 
the ignition limit: 24 °C at 1 atm. The estimate of the effective activation energy of 
the ignition of the mixes over Pd is ~ 2.4 ± 1 kcal/mol that is inherent to surface 
processes [90]. 

This paragraph focuses on experimental studies of low-pressure combustion of 
hydrogen–methane and hydrogen-isobutene mixtures over Rh and Pd surfaces at 
total pressures from 80 to 180 Torr and initial temperatures of 200–500 °C. It is 
aimed at establishment the relationships of flammability limits over noble metals 
on temperature and determination the possibility of carbon nanotube synthesis from 
these gas precursors.
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3.7.1 Experimental 

The experiments were performed with previously prepared stoichiometric gas 
mixtures 2H2 + O2, ((20 ÷ 80%) H2 + (80 ÷ 20%) hydrocarbon)stoich + O2. The  
reactor was quartz one 4 cm in diameter and 30 cm long heated up with an electric 
furnace (Fig. 3.26); the temperature was controlled by a thermocouple. The reactor 
was supplied with an optical quartz window at its butt-end. The reactor was used for 
studying thermal/catalytic ignition provided by Pd wire (0.3 mm thick 80 mm long) 
and Pd foil (0.06 mm thick, 1 mm wide and 80 mm long) as well as Rh samples, 
which was made by electrochemical deposition of Rh layer 15 mm thick on Pd 
wire (0.3 mm thick 80 mm long). Pd was chosen because its coefficient of thermal 
expansion is the closest to that of Rh [105], since Rh wire is rather expensive.

The overall intensity of chemiluminescence was recorded with a FD–24 photo-
diode (Russia) sensitive in the range 450–900 nm. The recording of the experiment 
was performed with a Nikon 1J2 digital camera (Fig. 3.26). A video recording was 
turned on at an arbitrary moment before initiation. A video file was stored in computer 
memory and its time-lapse processing was performed. The pumped and heated reactor 
was filled with the gas mixture from a high-pressure buffer volume to necessary pres-
sure; the resistivity of the wires during ignition was measured. The pressure ignition 
limit was considered as a mean pressure P Torr, at P + 0.03P the ignition occurs, 
at P-0.03P it does not occur, all other things being equal. The pump-down time 
between experiments was 30 min. The ignition limit was measured at increasing 
pressure with a step 2 Torr until the ignition occurred (a bottom-up approach, when 
increasing temperature from a state of no ignition). 

The mean temperature of the wire during ignition was recorded by an ADC based 
acquisition system, taking into account the temperature dependence of metal elec-
trical resistivity during computer analysis of the signal. The microstructures of carbon 
residues on noble metal surfaces were examined using field emission, ultra-high reso-
lution scanning electron microscope Zeiss Ultra Plus (Germany) equipped with an 
X-ray Microanalysis console INCA 350, Oxford Instruments. Before each experi-
ment, the reactor was pumped down to 10–2 Torr. Total pressure in the reactor was 
monitored with a vacuum gauge (Fig.S1a, 10), and the pressure in the buffer volume 
was monitored with a manometer. Chemically pure gases and 99.85% Pd were used. 

3.7.2 Results and Discussion 

Temperatures of thermal/catalytic ignition of 2H2 +O2 and ((20 ÷ 80%) H2 + (80 ÷ 
20%) hydrocarbon)stoich + O2 mixtures over Pd and Rh/Pd were determined. Typical 
experiments are shown in Fig. 3.27 a, b, in which the experiments above the ignition 
limit over Pd wire, and below the limit correspondingly are shown. As is seen in 
Fig. 3.27 b, the wire becomes red-hot even without ignition near the ignition limit, 
i.e. the flameless “dark” reaction of hydrocarbon consumption occurs.
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Fig. 3.26 Schematic of the experimental installation for the study of thermal/catalytic ignition 
over the wire a, b. (1) electric furnace, (2) quartz reactor of 4 cm in diameter and 30 cm long, (3) 
vacuum feed-through, (4) vacuum valve, (5) rotating mirror, (6) thermocouple, (7) millivoltmeter 
for thermocouple, (8) ADC computer based system, (9) Nikon 1J2 digital camera, (10) computer, 
(11) noble metal wire, (12) FD-24a photodiode, (13) to pressure gauge, gas inlet, to the pump, (14) 
pressure gauge

Warming-up kinetics was monitored by means of ADC computer based 
acquisition system using the temperature dependence of resistivity of Pd wire 
in combustion of (80% H2 + 20% CH4)stoich + O2 (Fig. 3.27c). According 
to Fig. 3.27c, the activity of catalytic wire expresses itself in both the 
occurrence ignition transition from the surface into the reactor volume, and 
the flameless “dark” catalytic reaction of the consumption of the flammable 
mixture. The preheating catalytic process provides the warming-up, which is 
enough to ignite the mixture at given pressure [curve (2)]. At lower pres-
sure, even the greater warming up is insufficient to cause ignition [curve (3)],
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Fig. 3.27 a Experiment (80% H2 + 20% CH4)stoich + O2 above the catalytic ignition limit, Pd 
wire, 30 frames/s, 310 °C, 139 Torr (the pressure gauge is off, because the maximum of the gauge 
range is 100 Torr); b experiment (80% H2 + 20% CH4)stoich +O2 below the catalytic ignition limit, 
Pd wire, 30 frames/s, 310 °C, 70 Torr; c measurement of chemiluminescence by photodiode and 
warming-up by the dependence of resistivity on temperature in (80% H2 + 20% CH4)stoich + O2 
using ADC computer based acquisition system, over Pd wire, (1) ignition recorded with FD-24a 
photodiode, T0 = 233 °C, P0 = 139 Torr; (2) mean temperature of the wire, T0 = 233 °C, P0 
= 139 Torr, ignition occurred; (3) mean temperature of the wire, T0 = 310 °C, P0 = 70 Torr, no 
ignition

since the mixture is far beyond the ignition region. Obviously, the value of the 
warming-up is underestimated because the wire is nonuniformly heated during 
ignition [69] (see also Chap. 2). 

Catalytic ignition areas of 2H2 + O2 mixes over noble metal wires are presented 
in Fig. 3.28 in P–T coordinates. As is seen in the Fig. 3.28, Rh is the most active 
surface, Pd surface is less active. Notice that the hysteresis phenomenon for 2H2 + 
O2 ignition is observed only over Pd wire. The ignition limit value measured over 
the wire, which is not treated with ignitions (a bottom-up approach, when increasing 
temperature from a state of no ignition) is higher than the value measured with a 
top-down approach; the same applies to the delay periods of ignition. The catalytic 
ignition limit is reversible: after reactor treatment with air or O2, the ignition limit 
returns to the value corresponding to the bottom-up approach (when decreasing 
temperature from a state of catalytic ignition).

In the case of (H2 + CH4)stoich + O2 mixes, the catalytic ignition limit pressure 
value measured over the Pd wire with a bottom-up approach is the lowest one. Then,
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Fig. 3.28 Catalytic ignition areas of (H2 + CH4)stoich + O2 mixes over noble metal wires in pres-
sure–temperature coordinates. The arrow oriented upwards corresponds to a bottom-up approach 
and the arrow oriented downwards corresponds to a top-down approach in measuring an ignition 
limit. To the right of each curve the ignition occurs, to the left—the ignition does not occur

with an increase in temperature the ignition limit increases until the auto-ignition 
area takes the characteristic V-shape. The V-shape is probably determined by the 
following. With an increase in temperature, the value of the ignition limit initially 
decreases due to the increasing rate of the activated volume branching step or the 
cycle of elementary steps [24]. As temperature increases further, the rate of the dark 
surface reaction increases resulting in an increase in the degree of fuel conversion; 
thus, the fuel content of the mixture decreases and therefore the value of the ignition 
limit increases for the leaner mixture. In addition, only mixtures (80% H2 + 20% 
CH4)stoich + O2, (60% H2 + 40% CH4)stoich + O2, (50% H2 + 50% CH4)stoich + O2 

ignite over Rh/Pd wire, and only the mix (80% H2 + 20% CH4)stoich + O2 ignites 
over Pd wire (or foil). Under conditions of our work, other mixtures are consumed 
only in the “dark” reaction (see Fig. 3.27b). 

Notice that hysteresis phenomenon for ignition of (H2 + CH4)stoich + O2 is 
missing. To return to the ignition limit to the initial value corresponding to the 
bottom-up approach, one must dissolve or mechanically remove the film deposited 
on the noble metal wire. 

The further part of the paragraph was aimed at the establishing morphology of 
the residue deposited on the noble metal surface using the mix (80% H2 + 20% 
C4H8)stoich + O2 as the main precursor. 

The preliminary analysis of the formed residue did not show any noticeable struc-
tures in the product deposited on the noble metal surface, both in ignition (140 Torr) 
and “dark” reaction (70 Torr) regimes in combustion of (H2 + CH4)stoich + O2 mix. 
Therefore, we chose the “dark” reaction regime at 140 Torr in the (80% H2 + 20%
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C4H8)stoich + O2 mix, which does not ignite under conditions of this work. The 
results of SEM investigation of the black residue formed in the reaction on the noble 
metal surface are shown in Fig. 3.29. As is seen, carbon nanotubes form in the “dark” 
reaction regime. In the case of the synthesis of carbon nanotubes by this method, the 
noble metal plays both, the role of a catalyst for the growth of nanostructures and a 
heating element; for this, the presence of hydrogen and oxygen in the gas mixture is 
necessary. 

In Fig. 3.29a, SEM micrographs of nanotubes formed on Pd wire first treated with 
2 ignitions (80% H2 + 20% CH4)stoich + O2 at and further processing with (80% H2 + 
20% C4H8)stoich + O2 in the dark reaction regime for three times are presented. Three 
times mean three actions of filling the reactor with a (80% H2 + 20% C4H8)stoich + 
O2 gas mixture to 140 Torr for 15 s and pumping. This sequence of procedures leads 
to the formation of carbon nanotubes ~ 30 nm of mean diameter with comparably 
small variance. In Fig. 3.29b, SEM micrographs of nanotubes formed on Rh/Pd wire 
treated with (80% H2 + 20% C4H8)stoich + O2 for three times are presented. The 
processing with ignitions of (80% H2 + 20% CH4)stoich + O2 was not performed. 
As is seen in Fig. 3.29, the nanotubes have more than one mean size. One can see

Fig. 3.29 SEM micrographs of nanotubes a Pd wire first treated with 2 ignitions (80% H2 + 
20% CH4)stoich + O2 at and processing with (80% H2 + 20% C4H8)stoich + O2 for three times, P 
= 140 Torr, T = 310 °C; b Rh/Pd wire treated with (80% H2 + 20% C4H8)stoich + O2 for three 
times, P = 140 Torr, T = 230 °C; c Pd foil treated with (80% H2 + 20% C4H8)stoich + O2 for three 
times P = 140 Torr, T = 310 °C. Three times mean three procedures of filling the rector with a gas 
mixture to 140 Torr for 15 s and pumping 
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nanotubes up to 100 nm in diameter as well as nanotubes about 10 nm in diameter. In 
Fig. 3.29c, SEM micrographs of nanotubes deposited on Pd foil treated with (80% H2 

+ 20% C4H8)stoich + O2 for three times are shown. These nanotubes have in general 
the mean diameter less than in cases (a) and (b), however the variance in diameters 
seems rather high. Thus, the optimization of the process needs further investigation. 

We summarize the results as follows. 
It was shown that at total pressures up to 200 Torr catalytic ignition areas of 2H2 

+ O2 mixes over Rh and Pd surfaces are broader than these of (H2 + CH4)stoich + 
O2 mixtures; the mixtures containing more than 50% CH4 as well as (80% H2 + 
20% CH4)stoich + O2 mixtures do not ignite. This is directly related to the formation 
of carbon-containing film on the noble metal surface. The fuel in the mixtures is 
consumed in dark reaction. It was shown that the dark reaction in (80% H2 + 20% 
CH4)stoich + O2 mixture leads to the formation of carbon nanotubes over the range 
10 ÷ 100 nm of mean diameter. In the case of the synthesis of carbon nanotubes 
by this method, the noble metal plays both, the role of a catalyst for the growth of 
nanostructures and a heating element; for this, the presence of hydrogen and oxygen 
in the gas mixture is necessary. 

3.8 Conclusions 

It was shown experimentally that the catalytic ignition temperature of the 40% H2 

+ air mixture over metallic Pd (70 °C, 1 atm) was ~ 200 °C lower than over the Pt 
surface (260 °C, 1 atm). In addition, Pd wire initiates the ignition of the (30–60% 
H2 + 70–40% CH4)stoich + air mixtures; Pt wire of the same size cannot ignite these 
mixtures at reactor temperatures below 450 °C. This means that Pd wire is more 
effective in initiation of ignition than Pt wire. The cellular structure of the flame 
front during ignition in the presence of Pd wire was not observed in contrast to the 
results obtained on the Pt surface. Therefore, Pd is more suitable than Pt for hydrogen 
recombiners in nuclear power plants because the catalytic particles do not appear in 
the gas phase. The experimental value of the effective activation energy of the process 
was estimated at (3.5 ± 1) kcal/mol, which is characteristic of surface processes. This 
indicates the significant role of the dark reaction of H2 and O2 consumption on the 
Pd surface observed directly at low pressures. The presence of this reaction reduces 
the probability of accidental explosion compared to the Pt surface. It was found that 
in the presence of leucosapphire, there was no system of emission bands of H2O* 
in the range 570–650 nm, and a possible explanation of this effect was given. The 
appearance of an additional source of excited water molecules emitting in the range 
900–970 nm was explained. 

It was experimentally shown that the temperature of the catalytic ignition limit 
over Pd at P = 1.75 atm, measured with a bottom-up approach by temperature for 
the mixtures 30% methane + 70% hydrogen + air (θ = 0.9, T = 317 °C), and 30% 
propane + 70% H2 + air (θ = 1, T = 106 °C) markedly drops after subsequent 
ignitions to T = 270 °C for H2–CH4 mix and to T = 32 °C for the H2–C3H8 blend.
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Equivalence ratio θ is a fraction of fuel in the mix with air: θ H2 + 0.5 (O2 + 3.76 
N2)). The ignition limit returns to the initial value after treatment of the reactor with 
O2 or the air; i.e., a hysteresis phenomenon occurs. The ignition limit of the mixtures 
30% (C2, C4, C5, C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, 1.2, correspondingly) over 
Pd amounts to 25–35 °C at P = 1.75 atm; the hysteresis effect is missing. It was found 
that the lean 30% C2H6 + 70% H2 + air mix (θ = 0.6) shows the lowest temperature 
of the ignition limit: 24 °C at 1 atm. The estimate of the effective activation energy 
of the ignition of the mixes over Pd is ~ 2.4 ± 1 kcal/mol that is characteristic of 
a surface process. Thus, the usage of Pd catalyst allows igniting H2–hydrocarbon 
mixtures at 1–2 atm at initial room temperature without external energy sources. 

It was found that the ignition temperatures of hydrogen–oxygen and hydrogen– 
methane–oxygen mixes at low pressure over heated Pd, Pt, Nichrome and Kanthal 
wires at 40 Torr increase with a decrease in H2 concentration; only a heated Pd wire 
shows the pronounced catalytic action. Numerical calculations allowed revealing the 
role of an additional branching step H + HO2 → 2OH, in which the slightly active 
radical HO2 is replaced by a more active OH. 

The peculiarities of ignition of premixed stoichiometric n-pentane–air mixtures 
were studied in a rapid mixture injection static reactor in the presence of metallic Pt 
and Pd in the region of negative temperature coefficient (NTC). It is shown that in 
the absence of noble metals thermoacoustic oscillations occur within NTC region. 
However, in the presence of Pt catalyst surface, which reacts with oxygen at the flame 
temperature and generates catalytic centers propagating into volume, thermoacoustic 
regimes of thermal ignition disappear. In other words, the catalytic Pt surface elimi-
nates a certain inhibition stage of kinetic mechanism after the occurrence of the cool 
flame and NTC phenomenon vanishes; the stage may be e.g. the decomposition of 
some intermediate slow reacting peroxide on Pt surface with the formation of a more 
reactive radical. In the presence of the catalytic surface (Pd), which does not react 
at the flame temperature and does not generate catalytic centers propagating into 
volume, NTC phenomenon occurs. 

Thus, the detected regularities must be taken into account in numerical simulations 
of NTC phenomenon. In other words, the oscillations and NTC phenomenon must 
both disappear in calculations after excluding a certain reaction or a series of reaction 
steps from the mechanism. The step must include the superficial reaction of an active 
intermediate of combustion on Pt surface, in which more active intermediates are 
formed from a low-active one. 

It was found that the ignition delay (induction) period during the combustion of 
(70–40% hydrogen + 30–60% propane) + air mixtures over palladium at a total 
pressure of 1–2 atm first decreases with a decrease in temperature and then increases 
until the ignition limit is reached, i.e., the NTC phenomenon occurs. The effective 
activation energy E of the process is 2.2 ± 1 kcal mol–1 that is characteristic of a 
surface process. Therefore, the detected NTC phenomenon is closely related to the 
surface state of Pd. In the sample treated with ignitions, defects in the form of holes 
were found, which are focused on the etching patterns. In this process, PdO particles 
are formed during the oxidation of the Pd surface and decompose to Pd and O2 at 
the temperature of flame products. Thus, Pd is consumed in the chemical etching
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reaction with active combustion intermediates. It should limit the applicability of 
palladium in ignition devices. 

It was shown that, at total pressures up to 200 Torr, the catalytic ignition areas over 
the Rh and Pd surfaces are larger for 2H2 + O2 mixtures than for (H2 + CH4)stoich 
+ O2 and (H2 + C4H8)stoich + O2 mixtures; mixtures containing more than 50% 
hydrocarbons do not ignite. This behavior is directly related to the formation of 
a carbon-containing film on the noble metal surface. The fuel in the mixtures is 
consumed in a dark reaction. In the case of the synthesis of carbon nanotubes by 
this method, the noble metal plays both, the role of a catalyst for the growth of 
nanostructures and a heating element; for this, the presence of hydrogen and oxygen 
in the gas mixture is necessary. It has been shown that the dark reaction in the (80% 
H2 + 20% C4H8)stoich + O2 mixture leads to the formation of carbon nanotubes with 
a mean diameter in the range of 10–100 nm. 
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Chapter 4 
Features of Combustion 
of Hydrogen–Methane–Air Fuels Over 
Surfaces of Noble Metals 

Abstract This chapter is aimed at the establishment of the regularities of catalytic 
ignition mainly of H2–methane mixtures; in a series of experiments methane blends 
were replaced with ethane, ethylene and n-pentane. It was shown that in the reactor, 
treated with ignitions, the ignition temperature of the mixture 70% H2 + 30% 
methane with air over rhodium surface is 62 °C. The result indicates the poten-
tial of using rhodium catalyst to lower markedly the catalytic ignition temperature 
of the fuels based on hydrogen–methane mixtures. The critical condition for volume 
reaction is revealed: the volume process occurs at 45% H2, but it is missing at ≤ 
40% H2. If H2 ≤ 40%, only a slow surface reaction occurs; this phenomenon is 
qualitatively described by our calculations. It is revealed that the effective activa-
tion energies both of “upper” and “lower” limits of H2 + methane oxidation over 
the range of linearity are roughly equal (2.5 ± 0.6) kcal/mol; it means that the key 
reactions, responsible for the occurrence of “upper” and “lower” ignition limits are 
almost certainly the same. It was shown that the obtained values of effective activa-
tion energy are in mutual agreement and are characteristic of the surface nature of Rh 
action; Rh is more catalytically active than Pd. It was shown that under conditions of 
our experiments not the chemical nature of the catalyst but that of C2 hydrocarbon in 
the mix with H2 is the determining factor of catalytic ignition. The catalytic ignition 
limits of synthesis gas over Rh/Pd are qualitatively different from the dependencies 
for combustible hydrogen-hydrocarbon. Long delay periods of catalytic ignition of 
hydrogen—n-pentane mixes (tens of seconds) and the absence of the dependence of 
the periods on the initial temperature allow us to conclude that the catalytic ignition 
of hydrogen—n-pentane mixes is determined by the transfer of the molecules of the 
hydrocarbon blend to the surface of the catalytic wire. It was shown that the ignition 
limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich + O2 mixes over Pt wire do not 
depend on the applied voltage without discharge up to 1200 V. We showed that for 
(80% H2 + 20% CH4)stoich + O2 mixes the application of an electric field (1200 V) 
leads to the disappearance of Pt containing particles from the reaction volume formed 
by decomposition of volatile platinum oxide in gas phase, which indicates that these 
particles are charged. This may be due to the chemiionization phenomenon observed 
in the combustion of hydrocarbons and then adsorption of the charged particles onto 
the Pt containing particles.
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Hydrogen · Methane · Air oxygen · Kinetics · Chemiionization 

Note that below we will constantly focus the reader’s attention on the description 
of the procedures for processing wires and foils made of noble metals, which were 
carried out to ensure the reproducibility of the measurements described in this book. 

We recall the important remark made at the beginning of the Chap. 2. Because the 
quantitative features of the ignition processes of the catalytic surface are investigated 
below, it becomes important to control the state of the surface. However, it is not 
possible to provide a micro-level control for a macro sample. In the present study, 
the same samples of wires and foils were made from the same Pt (and Pd) ingot, 
and Rh and Ru coatings were applied from the same samples of liquid reagents from 
the same jeweler. Since the heat losses at the ends of the sample where the contacts 
are attached plays a prominent role, the samples were used of sufficient (and the 
same) length and thickness so that the heat losses did not affect the results of the 
experiments. Thus, the length and diameter of the wires used below are those that 
increasing their length and decreasing the diameter did not affect the values of the 
measured limits of catalytic ignition. 

Experimental determination of ignition temperatures and effective activation ener-
gies of ignition of mixes (40 ÷ 70% H2 + 60 ÷ 30% CH4)stoich + air over Rh was 
performed at 1 ÷ 2 atm over temperature range 20 ÷ 300 °C under static conditions. 
This was aimed at both establishment catalytic effectiveness of Rh as a promising 
igniter, and clarification the factors, which determine the values of effective activation 
energies and to find out whether NTC phenomenon exists in the ignition. 

It was shown that in the reactor, treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. 
The result indicates the potential of using rhodium catalyst to lower markedly the 
catalytic ignition temperature of the fuels based on hydrogen–methane mixtures. 
The critical condition for volume reaction is revealed: the volume process occurs at 
45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction 
occurs, this phenomenon is qualitatively described by our earlier calculations. It is 
revealed that the effective activation energies both of “upper” and “lower” limits of 
H2 + methane oxidation over the range of linearity are roughly equal (2.5 ± 0.6) 
kcal/mol; it means that the key reactions, responsible for the occurrence of “upper” 
and “lower” ignition limits are almost certainly the same. 

It was shown that for Rh/Pd catalyst the chain development process has most 
likely heterogeneous nature because the effective activation energy is < 3 kcal/mol. 
Experimental determination of ignition temperatures and effective activation ener-
gies of ignition of mixtures 5% ÷ 40% H2–air over Rh and (30 ÷ 70% H2 + 70 
÷ 30% C2H6 (and C2H4))stoich + air over Rh and Pd at 1 atm was performed over 
temperature range 20–300 °C under static conditions in order to compare catalytic 
effectiveness of Rh and Pd and to establish factors that determine the values of effec-
tive activation energies. It was shown that the obtained values of effective activation 
energy are in mutual agreement and are characteristic of the surface nature of Rh
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action; Rh is more catalytically active than Pd. The key features of catalytic ignition 
on metallic rhodium and palladium in a series of mixed fuels: namely hydrogen + 
synthesis gas and hydrogen + hydrocarbon (ethane, ethylene, propane, pentane) + 
air were identified to establish the boundaries of catalytic ignition regions, depen-
dencies of effective ignition activation energies on the nature of a hydrocarbon, and 
the role of dark oxidation processes. It was found out that under conditions of our 
experiments not the chemical nature of the catalyst but that of C2 hydrocarbon in 
the mix with H2 is the determining factor of catalytic ignition. The catalytic ignition 
limits of synthesis gas over Rh/Pd are qualitatively different from the dependencies 
for combustible hydrogen-hydrocarbon: the “lower” catalytic limit dependence has 
a distinct maximum, which indicates a complex mechanism of the catalytic process; 
the Arrhenius dependence of ln [H2]lim on 1/T can not obviously be applied. There-
fore, the interpretation of the “upper” and “lower” limits of catalytic ignition given 
in the literature should be cleared up. Long delay periods of catalytic ignition of 
hydrogen—n-pentane mixes (tens of seconds) and the absence of the dependence of 
the periods on the initial temperature allow us to conclude that the catalytic ignition 
of hydrogen–n-pentane mixes is determined by the transfer of the molecules of the 
hydrocarbon blend to the surface of the catalytic wire. 

Experimental studies of low-pressure combustion of hydrogen–methane mixtures 
were carried out over Pt surface at total pressures from 20 to 180 Torr and initial 
temperatures of 400–600 °C in order to establish the relationships of catalytic ignition 
limits over Pt on temperature and to reveal the features of ignition of hydrogen-
methane mixes over Pt in a constant electric field in the absence of discharge. It was 
shown that the ignition limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich + O2 

mixes over Pt wire do not depend on the applied voltage without discharge up to 
1200 V. We showed that for (80% H2 + 20% CH4)stoich + O2 mixes the application 
of an electric field (1200 V) leads to the disappearance of Pt containing particles 
formed by decomposition of volatile platinum oxide in gas phase from the reaction 
volume, which indicates that these particles are charged. This may be due to the 
chemiionization phenomenon observed in the combustion of hydrocarbons. Is was 
shown that in combustion of (80% H2 + 20% CH4)stoich + O2 mix carbon nanotubes 
practically do not form as distinct from (H2 + C4H8)stoich + O2 mix. 

The peculiarities of penetration of a flame front of the diluted methane-oxygen 
mixture in the volumes of complex geometry in the laboratory scale installation 
were established. It was shown that a flame propagation process in a conditional room 
containing an indoor space with two openings and a flammable material inside shows 
a wide variety of combustion modes depending on the geometry of this complex 
volume. The preliminary numerical calculation of the expected flame propagation 
patterns may not always be successful. Thus, a real experiment under laboratory 
conditions, assuming the possibility of scaling the process, seems to be the most 
informative one. 

The investigation into Pt behavior in the flame of methane combustion under 
conditions of turbulent flow was performed. We revealed that under certain conditions 
Pt catalyst can suppress combustion and thereby show the opposite effect due to 
the high efficiency of Pt surface coated with a Pt oxide layer in the reaction of
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chain termination. Therefore, kinetic factors could be the determining even under 
conditions of high turbulence. Specific features of oxidation of hydrogen and methane 
over platinum and palladium at low pressures (70–200 Torr) were established. The 
value of effective activation energy of the dark reaction over Pd is evaluated as E = 
4.1 ± 1 kcal/mol that is characteristic of a surface process. Under our conditions, no 
dark reaction on Pt wire was observed. It was shown that the rate of chain termination 
determines the value of the critical diameter for flame penetration through Pt or Pd 
cylinders; the efficiency of Pd surface in chain termination reaction is much greater 
than that of Pt. 

4.1 Ignition Limits of Hydrogen–Methane Air Mixtures 
Over Metallic Rh at Pressure 1–2 atm 

Hydrogen-hydrocarbon mixed fuels attract attention as alternative fuels for energy 
production for two main reasons. The first reason is related to improved efficiency of 
mixed fuel methane-hydrogen, which leads to improved performance of combustion 
devices, increased range of their use and reduced emissions of pollutants when using 
lean mixtures in stationary and mobile systems. The second reason is related to the 
development of hydrogen energy and the prospect of using H2 in fuel cells and devices 
using combustion [1, 2]. With the commercialization of new hydrogen technologies, 
the problem of hydrogen safety becomes increasingly important. However, explosive 
concentrations of H2 in the mixture with air range from 4 to 75% by volume, thus, 
transportation and storage of H2 is dangerous in a high range of its concentration. 
Meanwhile, it is known that as the methane content of the hydrogen–methane mix 
increases, the upper combustion concentration limit of such a mix markedly decreases 
[3]; this makes the mix much safer [4]. Natural gas and hydrogen can be mixed in the 
engine directly during engine operation [5]. The methane-hydrogen mixture “Haitan” 
was invented in the USA [6]. The figure in the haitan marking means the energy share 
of hydrogen in the mixture: HY-5 = 5% (for gasoline cars) and HY-7 = 7% (for diesel 
cars). The volume fraction of H2 in the mix can reach up to 20% and even up to 32%, 
as was the case of a Cummins-Westport gas engine. It has been theoretically and 
experimentally confirmed that the addition of hydrogen significantly increases the 
environmental safety and economy of the engine [7]. 

The challenges in the safety of producing, transporting and storing hydrogen-
hydrocarbon fuels need to be fixed before widespread use. One of the main problems 
is accidental ignition [8]. One of the usual possible sources of ignition is a hot 
surface. Thus, it is urgent to be able to prevent conditions, under which the igni-
tion can occur when a flammable mixture flows above a hot surface. The catalytic 
combustion of pure hydrogen is of interest because the boilers using this principle 
operate at relatively low temperatures and can generate heat for household applica-
tions without CO2 and NOx emissions [9]. The combustion catalysts should possess 
the oxygen storage capacity and thermal stability; these should be able to ensure that
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fuel oxidation occurs without explosion. That can be achieved using noble metals 
[10]. Noble metals influence the flammability of hydrogen–methane blends in various 
ways. We experimentally found that Pd foil ignites mixtures (30–60% H2 + 70–40% 
CH4)stoich + air, whereas Pt foil cannot ignite these up to 450 °C. The estimated 
effective activation energy of the process is 3.5 ± 1 kcal mol–1, which is indicative 
of surface processes [11]. It indicates the noticeable role of the dark reaction of H2 

and O2 consumption observed directly at low pressures [12]. It was also found that 
the temperature of the ignition limit over palladium surface at 1.75 atm, measured 
with a bottom-up approach by temperature, of the mixtures 30% CH4 + 70% H2 

+ air (θ = 0.9, T = 317 °C) decreases after subsequent ignitions and amounts to 
270 °C, for the hydrogen–methane mix. The ignition limit returns to the initial value 
after processing of the reactor with oxygen or air; i.e. a hysteresis effect occurs [13]. 
It was shown [14] that in combustion of hydrogen- propane—air mixtures (θ = 1) 
over palladium at total pressures 1 ÷ 2 atm the ignition delay periods τ first decrease 
with a decrease in temperature; but then τ values increase until the ignition limit 
is achieved i.e. negative temperature coefficient (NTC) phenomenon exists. It was 
shown that NTC phenomenon is strongly associated with the state of Pd surface. 

The paragraph is aimed at experimental determination of ignition temperatures 
and effective activation energies of ignition of mixes (40 ÷ 70% H2 + 60 ÷ 
30% CH4)stoich + air over Rh at 1 ÷ 2 atm over temperature range 20 ÷ 300 °C 
under static conditions. The objective was both, to establish catalytic effectiveness 
of Rh as a promising igniter, to reveal factors, which determine the values of effective 
activation energies and to find out whether NTC phenomenon exists in ignition. 

4.1.1 Experimental 

The experiments were performed with gas stoichiometric mixtures of (40 ÷ 70% H2 

+ 60 ÷ 30% CH4)stoich + air over Rh (stoichiometry composition was calculated for 
the sum of fuels) at 20° ÷ 300 °C. A heated cylindrical stainless steel reactor 25 cm 
in length and 12 cm in diameter, equipped with demountable covers and an optical 
sapphire window in one of the covers was used in experiments [12]. The accuracy of 
temperature measurements was 0.3 °C. The pumped and heated reactor was quickly 
filled with the gas mixture from a high-pressure buffer volume to necessary pres-
sure. An electromagnetic valve was used to open and close gas communications. 
Registration of ignition and flame propagation was performed by means of a color 
high-speed camera Casio Exilim F1 Pro (frame frequency—1200 s−1). A video file 
was stored in computer memory and its time-lapse processing was performed [13]. 
A pressure transducer recorded pressure in the course of gas intake and combustion. 
The reactor was used to study thermal/catalytic ignition provided by Rh sample, 
which was made by electrochemical deposition of Rh layer 15 μm thick on Pd 
wire (0.3 mm thick 80 mm long). Pd was chosen because its coefficient of thermal 
expansion is the closest to that of Rh [14], since wire made of pure Rh is relatively 
expensive. The Rh/Pd wire was used both to ignite the flammable mix and to measure
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the temperature of the foil as Wheatstone bridge arm. Before each experiment, the 
reactor was pumped down to 0.1 Torr. The upper ignition limit was determined as the 
temperature of the first ignition at the given pressure for a bottom-up approach by 
increase in temperature in the “fresh” reactor, which was not treated with ignitions: 
at lower temperatures the ignition was missing, at higher one the ignition occurred. 
For a top-down approach by decrease in temperature in the treated reactor the lower 
ignition limit was determined as a mean of two temperatures: at higher one the igni-
tion occurred at lower one the ignition was missing. Total pressure in the reactor was 
monitored with a vacuum gauge, and the pressure in the buffer volume was controlled 
with a manometer. Chemically pure gases, and 99.85% Pd were used. 

4.1.2 Results and Discussion 

All experiments on high-speed registration of catalytic ignition of the H2–methane– 
air mixtures over Rh/Pd wire (1200 s–1) have shown that an initial center of ignition 
originates on the wire surface [13] (Fig. 4.1). In subsequent experiments under the 
same conditions, the site of origin of the initial center varies similarly to catalytic 
ignition over Pd surface [15]. Thus, the thermal/catalytic ignition over noble metal is 
determined by the reactions of adsorbed active centers on the surface, their behavior 
is determined by both surface defects with an excess of free energy and the nature 
of the catalysts; the ignition consists of the stages of warming-up, local ignition, and 
flame propagation. The chemical activity of various sites of surface changes from 
one ignition to another. 

The dependencies of the pressure on time at catalytically initiated ignition of 45% 
H2 + 55% CH4 + air mixture at P0 = 1.75 atm over Rh/Pd wire at three temperatures 
(201 °C, 189.8 °C, 181.4 °C) are shown in Fig. 4.2.

Let us recall that the “upper” catalytic ignition limit is measured with a bottom-up 
approach by temperature (at lower temperatures the ignition in the “fresh” reactor is 
missing, at higher one the ignition occurs) [15]. When the “upper” ignition limit is

Fig. 4.1 High speed color detection of the initiation and flame propagation in 70% H2 + 30% CH4 
+ air mixture with Rh/Pd wire, 1200 s–1, P0 = 1. 7 atm, T0 = 71.1 °C. Numbers in each frame 
correspond to the consecutive numbers of video images during the ignition 
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Fig. 4.2 The change in 
pressure at catalytic ignition 
of 45% H2 + 55% CH4 + 
air mixture over Rh/Pd wire 
as a function of time. P0 = 
1.75 atm (1) T0 = 201 °C, 
(2) T0 = 189.8 °C, (3) T0 = 
181.4 °C

attained, the further ignitions in the reactor already treated with combustion take place 
at decreasing temperatures lower than the “upper” limit until the “lower” ignition 
limit is attained (a top-down approach). Thus the “lower” ignition limit corresponds 
to the catalyst (in this paragraph, Rh) surface treated with ignitions; the “upper” one 
corresponds to the “fresh” reactor, in which no ignitions occurred before. 

The typical dependencies corresponding to the successive temperature values 
below the “upper” ignition limit are shown in Fig. 4.2. As is seen in Fig. 4.2, the  
ignition delay periods τ first decrease with a decrease in temperature; but then τ 
values increase until the “lower” temperature ignition limit (at higher temperatures 
the ignition occurs, at lower one the ignition is missing) is achieved. Thus, we observe 
the NTC phenomenon similar to one described in [13, 14], see also Chap. 3, Sect. 3.4. 
NTC phenomenon is caused by the changes in the state of Rh surface. As is shown 
in [15], in the samples treated with ignitions, the defects in the form of openings 
develop (Fig. 5 from [15]), i.e. the surface area and the surface state change from 
ignition to ignition. 

To establish the boundaries of catalytic ignition of H2–CH4 mixtures over Rh, 
temperature dependences of hydrogen concentration at both the “upper” and the 
“lower” ignition limit were experimentally determined. Experimental dependences 
of H2 content in the mixture at 1.7 atm on the temperature at “upper” (filled circles) 
and “lower” (circles) ignition limits of gas stoichiometric H2–methane–air mixtures, 
over Rh/Pd wire are presented in Fig. 4.3.

Figure 4.3a shows that in the reactor, treated with ignitions, the ignition tempera-
ture of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. 
By comparison, the “lower” ignition limit of the same mix is 270 °C over palladium 
surface at 1.75 atm [16]. The result indicates the potential of using rhodium catalyst
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Fig. 4.3 a Experimental dependences of the H2 content in the mixture at the ignition limit over 
Rh/Pd wire on temperature; filled circles: “upper” limit of H2–methane–air mix over Rh/Pd,; circles: 
“lower” limit of H2–methane–air mix over Rh/Pd, P0 = 1.7 atm. b Arrhenius plots: filled circles— 
dependences of logarithm of the H2 fraction at “upper” limit of H2–methane–air mix of catalytic 
ignition on reciprocal of the temperature over Rh/Pd; circles—dependences of logarithm of the H2 
fraction at “lower” limit of H2–methane–air mix of catalytic ignition on reciprocal of the temperature 
over Rh/Pd

to markedly lower the ignition temperature of the fuels based on hydrogen–methane 
mixtures. 

In addition, Rh catalyst is most stable in H2 + O2 flame than Pd, Ru and Pt, see 
Chap. 2, Sect. 2.5. As is seen in Fig. 4.3a, the critical condition for volume reaction 
exists: the volume process occurs at 45% H2, but it is missing at ≤ 40% H2. If H2 

≤ 40%, only a slow surface reaction takes place: the Rh/Pd wire remains bright 
red within several minutes. The chemical mechanism of that process needs further 
investigation. 

The dependences of H2 fraction in the flammable mixtures on temperature in 
Arrhenius coordinates as justified in [11], (see also Chap. 3) are presented in Fig. 4.3b. 
As is seen in Fig. 4.3, the dependences at H2 > 50% can be approximated by straight 
lines (the correlation coefficients are > 0.98). The data was processed with the use 
of the program package Statistica 9 (Statsoft). Figure 4.3b shows that the effective 
activation energies both of upper and lower limits of H2 + methane oxidation over 
the range of linearity are roughly equal (2.5 ± 0.6) kcal/mol; it means that the key 
reactions, responsible for the occurrence of upper and lower ignition limits are almost 
certainly the same. Notice that to provide the ignition, the set of reactions, in which 
the development of chains (an increase or conservation [15] in the number of free 
valences) occurs, must be realized [11]. Therefore, activation energy of the chain 
development should determine the temperature dependence of the overall process, 
as observed for similar experiments with Pt catalyst [17]. Thus, in case of Rh/Pd 
catalyst, the chain development process has most likely heterogeneous nature because 
the effective activation energy is < 3 kcal/mol.
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The presence of upper and lower limits of catalytic ignition can be interpreted 
using the results of Sect. 2.5, Chap. 2. When the temperature rises and the Rh/Pd 
wire is treated with a hydrogen-containing gas mixture, an effective rhodium hydride 
catalyst is formed on the surface of the wire. When the temperature corresponding 
to the upper limit is reached, the mixture ignites above the rhodium hydride layer. 
Then, with a decrease in temperature, the lower limit of catalytic ignition over the 
same rhodium hydride is reached. Then the fact that the activation energies of the 
upper and lower limits are very close is due to the fact that ignition at both limits 
occurs over the same surface—rhodium hydride. 

The feasible illustration of the occurrence of catalytic ignition limits was given 
in [18] by means of numerical modeling using compressible dimensionless reactive 
Navier–Stokes equations in low Mach number approximation [15, 18–20], see also 
Sect. 2.5, Chap. 2. 

We will recall the course of this illustrative calculation. The reaction velocity in 
the volume was presented by an elementary chain mechanism [15, 18]. Chemical 
exothermic reaction of chain development occurred on the boundaries of the wire (a 
rectangular region in the middle of the reactor). The Newmann’s boundary condition 
on the “wire” for temperature took into account the heat release in the reaction of 
chain development; these for initial reagent and a single active center accounted 
for surface chain development and adsorption of the initial reagent [15]. On the 
reactor walls the Derichlet’s boundary condition hold true for active center and 
velocity components; The Newmann’s boundary conditions hold true for density, 
initial reagent and temperature. Initial temperature of the gas was given by the initial 
conditions: T0 = 1 for dark reaction, T0 = 2 to provide ignition [15], see also Sect. 2.5, 
Chap. 2. 

The model showed that in the dark reaction (T0 = 1), the rate of consumption of 
initial reagent is slower than during the ignition (T0 = 2); thus, it allowed obtaining 
both, the mode of the emergence of primary ignition centers on the wire followed by 
a local ignition, and the mode of a dark catalytic reaction of the consumption of the 
initial reagent (Fig. 8 [15], Fig. 3 [18], Fig. 2.39, Chap. 2). 

We summarize briefly the main results. 
It was shown that in the reactor, treated with ignitions, the ignition temperature 

of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. The 
result indicates the potential of using rhodium catalyst to markedly lower the ignition 
temperature of the fuels based on hydrogen–methane mixtures. 

The critical condition for volume reaction is revealed: the volume process occurs 
at 45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction 
occurs; this phenomenon is qualitatively described by our earlier calculations. 

It is revealed that the effective activation energies both of “upper” and “lower” 
limits of H2 + methane oxidation over the range of linearity are roughly equal (2.5 
± 0.6) kcal/mol−1; it means that the key reactions, responsible for the occurrence of 
“upper” and “lower” ignition limits are almost certainly the same. 

It was shown that for Rh/Pd catalyst, the chain development process has most 
likely heterogeneous nature because the effective activation energy is < 3 kcal/mol.
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4.2 Ignition Limits of Hydrogen–Air Mixtures Over 
Metallic Rh and Hydrogen-Ethane/Ethylene–Air 
Mixtures Over Pd and Rh at Atmospheric Pressure 

In the previous paragraph, the areas of hydrogen ignition in the presence of the 
simplest carbon-hydrogen additive—methane are considered and it was established 
that in the reactor, treated with ignitions, the ignition temperature of the mixture 
70% H2 + 30% CH4 with air over rhodium surface is 62 °C. The result points to the 
possibility of using rhodium catalyst to lower markedly the ignition temperature of 
the fuels based on hydrogen–methane mixtures. It is found that the critical condition 
for volume ignition exists: the volume process occurs at 45% H2, but it is missing 
at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction occurs. It is shown that the 
effective activation energies both of “upper” and “lower” limits of H2 + methane 
oxidation over the range of linearity are roughly equal (2.5 ± 0.6) kcal/mol; thus, 
the key reactions, responsible for the occurrence of “upper” and “lower” ignition 
limits are almost certainly the same. In this paragraph, the regularities obtained for 
methane are compared with those for ethane/ethylene blends. 

As we stated above, the challenges in the safety of producing, transporting and 
storing hydrogen need to be fixed before widespread use of hydrogen as fuel. One of 
the main problems is accidental ignition, since hydrogen has much wider flamma-
bility limits than most conventional fuels [8]. One of the most frequent sources of 
ignition is a hot surface. Thus, it is essential to be able to prevent conditions, under 
which the ignition can occur when a flammable hydrogen-oxidizer mixture is exposed 
to a hot surface, especially if the surface has catalytic nature. 

The catalytic combustion of hydrogen is of interest because the devices using this 
principle operate at comparably low temperatures and therefore, can generate heat 
for various applications without CO2 and NOx emissions [9]. We drew attention that 
for H2 combustion reaction, the catalysts should possess the oxygen storage capacity 
and thermal stability; these should be able to ensure that H2 oxidation occurs without 
explosion. That can be attained using noble metals, which, in addition, have the high 
adsorption capability of H2 and O2 at low temperatures [10]. 

Along with hydrogen, mixed hydrogen–hydrocarbon fuels have attracted 
increased attention as alternative ones for instance due to the fact that using the 
combustion of premixed mixtures is a promising method to lower the combustion 
temperature, and consequently, to fulfill the modern need to limit NOx emissions in 
energy production, including internal combustion engines [11, 21, 22]. 

We showed that at the ignition temperature of the mixture 40% H2–air over Pd 
metal (70 °C, 1 atm) is ~ 200° less than over the Pt surface (260 °C, 1 atm) [11] 
i.e. Pd is more effective than Pt. Thus, Pd seems to be more usable for hydrogen 
recombiners in NPP, in part, because no catalytic particles as ignition centers formed 
by decomposition of volatile oxide can appear in gas phase as compared to Pt [23]. 
The experimental value of the effective activation energy of catalytic ignition over 
Pd is ~ 3.5 kcal/mol that is characteristic of surface processes [11]. It indicates the 
noticeable role of the dark reaction of consumption of H2 and O2 what is known as
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“flameless combustion”, which is observed at low pressures [12]. The occurrence of 
that reaction reduces the probability of an accidental explosion at the expense of fuel 
consumption and accordingly leads to shifting the boundaries of catalytic explosion 
area. 

Hydrogen combustion over Rh, Ru, Pd and Pt wires at total pressures up to 200 Torr 
and initial temperatures up to 500 °C is investigated in [15] in order both to establish 
the dependencies of autoignition limits over noble metal surfaces on temperature 
and to indicate the governing factors of the problem of gas ignition by a catalytic 
surface. At the total pressures, it was shown that Rh is the most effective catalyst of 
2H2 + O2 ignition, the lowest ignition temperature over Rh coated Pd wire (Rh/Pd) 
is 210 °C, for Ru/Pd and Pd—300 °C, for Pt wire—410 °C. 

It is shown [13, 16] that at the combustion of (70 ÷ 40%) hydrogen- (30 ÷ 
60%) propane–air mixtures (θ = 1) over palladium at total pressures 1 ÷ 2 atm the 
ignition delay periods τ first decrease with a decrease in temperature; but then τ 
values increase until the ignition limit is achieved i.e. NTC phenomenon occurs. The 
effective activation energy of the process is E = 2.2 ± 1 kcal/mol that is characteristic 
of a surface process. Thus, NTC phenomenon is strongly associated with the state 
of Pd surface. 

The paragraph is focused on experimental establishment of ignition temperatures 
and effective activation energies of ignition of mixtures 5% ÷ 40% H2–air and 10% 
÷ 20% D2–air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (or C2H4))stoich + air 
over Rh and Pd at 1 atm over temperature range 20–300°C under static conditions in 
order to compare catalytic effectiveness of Rh and Pd, and to establish factors that 
determine the values of effective activation energies and to find out whether NTC 
exists in ignition of hydrogen over Rh. 

4.2.1 Experimental 

The experiments were performed with gas stoichiometric mixtures of 5% ÷ 40% H2– 
air and 10% ÷ 20% D2–air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (and 
C2H4))stoich + air over Rh and Pd (stoichiometry composition was calculated for the 
sum of fuels) and 5 ÷ 40% H2 + air at 200 ÷ 300 °C. A heated cylindrical stainless 
steel reactor 25 cm in length and 12 cm in diameter, equipped with demountable 
covers and an optical sapphire window in one of the covers was used in experiments 
[12]. The accuracy of temperature measurements was 0.3 K. Registration of ignition 
and flame propagation was performed by means of a color high-speed camera Casio 
Exilim F1 Pro (frame frequency–600 s−1). A video file was stored in computer 
memory and its time-lapse processing was performed [13, 16]. The pumped and 
heated reactor was quickly filled with the gas mixture from a high-pressure buffer 
volume to necessary pressure. An electromagnetic valve was used to open and close 
gas communications. A pressure transducer recorded pressure in the course of gas 
intake and combustion. The reactor was used for studying thermal/catalytic ignition 
provided by Pd wire (0.3 mm thick 80 mm long) as well as Rh sample, which was
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made by electrochemical deposition of Rh layer 15 μm thick on Pd wire (0.3 mm 
thick 80 mm long). Pd was chosen because its coefficient of thermal expansion is 
the closest to that of Rh and Ru [24]. The Pd or Rh/Pd wires were used both to 
ignite the flammable mix and to measure the temperature of the wire as a bridge arm. 
Before each experiment, the reactor was pumped down to 0.1 Torr. The ignition limit 
was determined as the mean of two temperatures at the given pressure; e.g. for a 
bottom-up approach by temperature: at lower temperatures the ignition was missing, 
at higher one the ignition occurred. Total pressure in the reactor was monitored 
with a vacuum gauge, and the pressure in the buffer volume was controlled with a 
manometer. Chemically pure gases and 99.85% Pd were used. 

4.2.2 Results and Discussion 

All experiments on high-speed registration of catalytic ignition of the mixture 40% 
H2 + air over Rh/Pd wire (600 s–1) have shown that an initial center of ignition 
originates on the wire surface [23] (Fig. 4.4). 

In subsequent experiments under the same conditions, the site of origin of the 
initial center varies similarly to catalytic ignition over Pd surface [15]. Thus, the 
thermal ignition over noble metal is determined by the reactions of adsorbed active 
centers on the surface, their behavior is determined by both surface defects with 
an excess of free energy and the nature of the catalyst; the ignition consists of the 
stages of warming-up, local ignition, and flame propagation. The chemical activity 
of various sites of surface changes from one ignition to another. 

The dependencies of the resistance of the Rh/Pd wire on time at catalytically 
initiated ignition of 40% H2–air mixture at P0 = 1.75 atm at three temperatures 
(98 °C, 80 °C, 68 °C) are shown in Fig. 4.5.

The dependencies correspond to the successive temperature values below the 
“upper” ignition limit measured with a bottom-up approach (at lower temperatures 
the ignition occurs, at higher one the ignition is missing) [13]. As is seen in Fig. 4.5, 
the ignition delay periods τ first decrease with a decrease in temperature; but then τ 
values increase until the “lower” temperature ignition limit (at higher temperatures 
the ignition occurs, at lower one the ignition is missing) is achieved. The “lower” 
ignition limit corresponds to the Pd surface treated with ignitions; the “upper” one

Fig. 4.4 High-speed filming of the catalytic ignition of the mixture 40% H2 + air over Rh wire, 
600 s–1, T0 = 80 °C, P0 = 1.7 atm. The first number of the frame corresponds to the moment of 
the occurrence of a primary ignition center on the wire 
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Fig. 4.5 Monitoring of the 
change in the Rh/Pd wire 
resistance during the ignition 
of 40% H2 + air mixture; 
initial temperature 1–80 °C, 
2–68 °C, 3–98 °C, P = 
1.75 atm. The ignition delay 
τ is indicated

corresponds to the “fresh” reactor, in which no ignitions occurred before. Thus, we 
observe the NTC phenomenon similar to one described in [13]. The phenomenon is 
caused by the changes in the state of Rh surface. As is shown in [15], in the samples 
treated with ignitions, the defects in the form of openings develop (Fig. 5 from [15], 
see also Sect. 2.5, Chap. 2). Their depth reaches < 1 μm in the case of Pd wire. 
These defects seemingly focus on chemical etching patterns; the etching substances 
are evidently active intermediates of H2 oxidation. 

To bring out the influence of chemical nature of both a catalyst and a hydrocarbon 
on the surface processes, the catalysts Pd and Rh/Pd as well as ethylene and ethane 
were used in the mixtures with hydrogen and temperature dependences of hydrogen 
concentration at the “lower” ignition limit were experimentally determined. 

Experimental dependences of the temperature at “upper” and “lower” ignition 
limits of gas stoichiometric mixtures H2–ethane–air mix (filled circles), and H2– 
ethylene–air mix (circles) over Pd wire on H2 content in the mixture at 1.7 atm are 
presented in Fig. 4.6a.

The dependences of “lower” ignition limits over Pd and Rh/Pd wires on H2 and D2 

content in the mixtures H2–air over Rh/Pd (filled circles), D2–air over Rh/Pd (circles), 
H2–air mixes over Pd (squares), H2–ethylene–air mixtures over Rh/Pd (bold circles) 
at P0 = 1.7 atm are shown in Fig. 4.7a. To get reproducible results, before ignitions 
of D2–air mix over Rh/Pd the wire was kept in the reactor filled with 500 Torr D2 

for 2 h (see Chap. 2).
Figure 4.6a shows that H2–ethane–air mix ignites at higher temperatures, than 

H2–ethylene–air mix, i.e. ethylene reacts more readily with active centers on the 
catalytic surface of palladium. As is seen in Fig. 4.7a, Rh/Pd wire ignites H2–air 
mixture at temperatures lower than Pd wire does. The result is in an agreement with
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Fig. 4.6 a Experimental dependences of the temperature at the ignition limit over Pd wire on H2 
content in the mixture; filled circles: H2–ethane–air mix, circles: H2–ethylene–air mix. b Arrhenius 
plots of the dependences. Effective activation energies Eeff: fuel H2–ethane—1.25 ± 0.50 kcal/mol; 
fuel H2–ethylene—2.8 ± 1.0 kcal/mol

Fig. 4.7 a Experimental dependences of the temperature at the “lower” ignition limit over Pd and 
Rh/Pd wires on H2 content in the mixture; filled circles: H2–air mix over Rh/Pd, squares: H2–air 
mix over Pd, bold circles: H2–ethylene- air mix over Rh/Pd, P0 = 1.7 atm, D2—air mix over Rh/Pd, 
circles. b Arrhenius plots: dependences of lower pressure limit of catalytic ignition of 2H2 + O2 
mixes (Figs. 6, 7 [15]) on temperature over Pd—squares; over Rh/Pd—diamonds; dependences of 
H2 content in the mixture on temperature over Rh/Pd: filled circles—H2–ethylene–air; circles—40% 
H2–air
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Fig. 4 from [15], where it is shown that Rh is the most active surface in the reaction 
H2 + O2, Ru and Pd surfaces are less active at total pressures < 200 Torr. As is 
also seen in Fig. 4.7a the lower catalytic ignition limit of 2D2 + O2 over rhodium 
deuteride is noticeably lower than that of H2 + O2 over Rh hydride; thus, D2 is more 
flammable than H2 over Rh. It is in agreement with the results of Sect. 2.5, Chap. 2. 

It should be noted that at pressures > 1 atm at successive catalytic ignitions over 
Rh/Pd of the H2–hydrocarbon mixtures near the lower limit under the same condi-
tions, the ignition delay period increases, that is, the lower ignition limit increases. 
This can be prevented by igniting a mixture of 40% H2–air before each ignition of 
the mixtures of H2–hydrocarbon-air. 

As is stated above, the reaction ability of noble metal is caused by the changes 
in the state of its surface. Thus, the rhodium surface is more efficiently poisoned 
by a hydrocarbon than the palladium surface; this hydrocarbon is removed from the 
surface during its treatment by ignition of H2–air mix. 

The dependences of H2 fraction in the flammable mixtures on temperature in 
Arrhenius coordinates as justified in [11], are presented in Figs. 4.6b and 4.7b. As 
is seen in the Figures, the dependence can be approximated by straight lines (the 
correlation coefficients are > 0.98). The data was processed with the use of the 
program package Statistica 9 (Statsoft). 

Figure 4.6 b shows that the effective activation energy of H2 + ethane oxidation is 
1.25 ± 0.6 kcal/mol; it is noticeably less than the effective activation energy of H2 + 
ethylene oxidation (2.8 ± 0.7 kcal/mol), hence, the chemical nature of hydrocarbon 
in the mix with H2 is one of the determining factors of catalytic ignition. Though the 
value of effective activation energy is close to activation energies of adsorption— 
desorption of hydrogen on Pd [25], to provide the ignition, the set of reactions, 
in which the branching (an increase in the number of free valences) occurs, must 
be realized [6]. The activated (E = 16.7 kcal/mol [8, 26]) homogeneous branching 
reaction H + O2 → O + OH is the slowest step in the set. Therefore, activation 
energy of the branching should determine the temperature dependence of the overall 
process, as observed for similar experiments with Pt metal [17]. Thus, in case of Pd 
and Rh/Pd, the branching reaction has most likely heterogeneous nature because the 
effective activation energy is < 3 kcal/mol. 

Figure 4.7 b shows Arrhenius dependences of H2 content in the mixture at the 
“lower” limit on temperature over Rh/Pd for H2–ethylene–air mix; the value of 
effective activation energy is 2.4 ± 0 0.7 kcal/mol, the value is lower than that over 
Pd and indicates a greater reactivity of rhodium as compared to palladium. 

The value of effective activation energy from Arrhenius dependence of H2 content 
in the mixture at the “lower” limit on temperature over Rh/Pd for H2–air mix is 3.5 
± 0.8 kcal/mol. 

The value is close to that taken from Arrhenius dependence of the low-pressure 
limit of catalytic ignition of 2H2 + O2 mix over Rh/Pd: 3.6 ± 0.8 kcal/mol (Fig. 6 
[15]). The value of effective activation energy determined for low pressure limit of 
catalytic ignition of 2 H2 + O2 mix over Pd (3.9 ± 0.8 kcal/mol, Fig. 6 [15]) also 
satisfactorily agrees with that obtained from Arrhenius dependence of H2 content in 
the mixture at the “lower” limit on temperature over Pd for H2–air mix ~ 3.5 kcal/mol.
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The obtained values of effective activation energy are in mutual agreement and are 
characteristic of the surface nature of Rh action; Rh is more catalytically active than 
Pd. 

4.3 Features of Ignition of Mixtures of Hydrogen 
with Hydrocarbons (C2, C3, C5) Over Rhodium 
and Palladium at Pressures of 1–2 atm 

In the previous paragraph, it was shown that the obtained values of effective activation 
energy of ignition of hydrogen–ethane/ethylene blends are in mutual agreement and 
are characteristic of the surface nature of Rh action; Rh is more catalytically active 
than Pd. It is also found that the reaction ability of noble metal is caused by the 
changes in the state of its surface. Thus, the rhodium surface is more efficiently 
poisoned by hydrocarbon than the palladium surface; this hydrocarbon is removed 
from the surface during its treatment by ignition of H2–air mix. 

In this paragraph, the regularities obtained in Sects. 4.4.1 and 4.4.2 are compared 
with those for propane and n-pentane blends. 

Along with hydrogen, mixed hydrogen–hydrocarbon fuels as well as synthesis 
gas have attracted increased attention as alternative fuels. It is because the usage 
of their combustion is a promising method for fulfilling the modern need to limit 
NOx emissions in energy production, including internal combustion engines [22] as  
well as for obtaining target intermediate reagents for commercial organic synthesis. 
The advancement in catalytically stabilized (CS) combustion technology requires 
the development of catalysts with improved activity (desired light-off temperature 
less than 450 °C), understanding of the catalytic surface processes, knowledge of 
low temperature homogeneous kinetics and their respective coupling with heteroge-
neous kinetics. Of particular interest in natural gas-fueled turbines is the concept of 
hydrogen-assisted CS combustion [27]. As is known, the extensive quantities of H2 

and steam generated in the boiling water reactor (BWR) system create high pressure 
and temperatures. This may lead to the reactor failure. Thus, the removal of excess 
amount of H2 is necessary, and extensive research is required to overcome the highly 
undesirable phenomenon in nuclear industries. The use of noble metal catalysts for 
hydrogen afterburning at nuclear power plants (NPPs) is also of great interest [28]. 
Methane oxidation on noble metals has been insufficiently studied [29]; the nature 
of the surface processes is generally unknown. 

The features of catalytic ignition of mixtures of hydrogen with hydrocarbons and 
synthesis gas with air above the surface of metallic Rh are not practically considered 
in contemporary literature. Ignition temperatures and effective activation energies of 
ignition limits of mixes (40 ÷ 70% H2 + 60 ÷ 30% CH4)stoich + air over Rh were 
experimentally determined at 1 atm over 20–300 °C. Over the surface treated with 
ignitions, the ignition temperature of the mix 70% H2 + 30% methane + air over Rh is 
62 °C indicating the potential of using Rh to lower markedly the ignition temperature
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of the fuels based on hydrogen–methane mixes (see Sect. 4.1 of this chapter). Ignition 
temperatures and effective activation energies of ignition of mixtures 5% ÷ 40% H2– 
air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (and C2H4))stoich + air over Rh 
and Pd were experimentally determined at 1 atm over temperature range 20 ÷ 300°, 
see previous paragraph. It was shown that metallic Rh is more effective than Pd; 
effective activation energies of ignition depend both on the nature of the catalyst and 
on the chemical nature of the hydrocarbon (see Sect. 4.2 this chapter). Ignition limits 
of stoichiometric mixtures (20 ÷ 80% H2 + 80 ÷ 20% CH4) + O2 over Rh and Pd 
were determined at 0 ÷ 200 Torr and 200 ÷ 500 °C [30]. 

Similar data for Pd metal as a catalyst are also rather disparate. We showed previ-
ously that the effective activation energy of the process the combustion of (70 ÷ 
40%) hydrogen—(30 ÷ 60%) propane–air mixtures over Pd at total pressures 1– 
2 atm is E = (2.2 ± 1) kcal/mol [18] that is characteristic of a surface process [25]. 
It was found out that in the sample treated with ignitions, the defects in the form of 
openings, which are focused on etching patterns, arise [15]. This means that Pd is 
spent in the reaction of chemical etching with active intermediates of combustion. 
It was shown that before ignition, catalytic wire is not heated up uniformly; initial 
centers of the ignition occur. In addition, in sequential ignitions, primary ignition 
centers change their location on the wire from the first ignition to the next one [18]. 

We indicate that the effective activation energies of catalytic ignition of mixed 
fuels were determined taking into account the fact that it is hydrogen that provides 
catalytic ignition over a noble metal, which is confirmed by the fact that under our 
conditions catalytic ignition of pure hydrocarbons does not take place. In this case, 
the following dependence of the hydrogen content in the mixture on the temperature 
of the catalytic ignition limit was assumed [11]. We recall (see Chap. 2 and 3) that 
for the stoichiometric 2H2 + O2 mixture, the ignition limit at low pressures is 2k2 
[O2]lim = k4; i.e., [O2]lim = (1/2) [H2]lim = k4/k2, where k4 is the rate constant of 
the heterogeneous break (weakly dependent on temperature) and k2 is the branching 
rate constant. Thus, we obtain Arrhenius dependence of ln [H2]lim on 1/T with a 
positive slope. The heterogeneous nature of the process in the presence of noble 
metal considerably complicates the analysis. This reflects the fact that in the catalytic 
oxidation of H2, the reaction rate depends mainly on the H2 concentration, which can 
be expressed as the ratio of some two effective constants for the steady state [25]. We 
will point out that this approximation is rather rough; but it allows us systematizing 
the experimental results for the limits of catalytic ignition over the studied noble 
metals. 

Obviously, in order to understand the mechanism of the catalytic process, it is 
necessary to establish the features of the influence of hydrocarbon on the catalytic 
oxidation of the mixed fuel. 

The work is aimed at identifying the key features of catalytic ignition on metallic 
rhodium and palladium in a series of mixed fuels, namely hydrogen + synthesis gas 
and hydrogen + hydrocarbon (ethane, ethylene, propane, pentane) + air to estab-
lish the boundaries of catalytic ignition regions, dependencies of effective ignition 
activation energies on the nature of hydrocarbon, and the role of dark oxidation 
process.
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4.3.1 Experimental 

The experiments were performed with gas stoichiometric mixtures of 5% ÷ 40% H2– 
air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (C2H4, C3H8, n-C5H12))stoich + air 
over Rh and Pd (stoichiometry composition was calculated for the sum of fuels) and 
5 ÷ 40% H2 + air at 20 ÷ 300 °C. A heated cylindrical stainless steel reactor 25 cm 
in length and 12 cm in diameter, equipped with demountable covers and an optical 
sapphire window in one of the covers was used in experiments [11]. The accuracy of 
temperature measurements was 0.3 K. Registration of ignition and flame propagation 
was performed by means of a color high-speed camera Casio Exilim F1 Pro (frame 
frequency—600 s−1). A video file was stored in computer memory and its time-lapse 
processing was performed [11]. The pumped and heated reactor was quickly filled 
with a gas mixture from a high-pressure buffer volume to necessary pressure. An 
electromagnetic valve was used to open and close gas communications. A pressure 
transducer recorded pressure in the course of gas intake and combustion. The reactor 
was used for studying thermal/catalytic ignition provided by Pd wire (0.3 mm thick 
80 mm long) as well as Rh sample, which was made by electrochemical deposition 
of Rh layer 15 μm thick on Pd wire (0.3 mm thick 80 mm long). Pd was chosen 
because its coefficient of thermal expansion is the closest to that of Rh [24], since 
Rh wire is relatively expensive. The Pd or Rh/Pd wires were used both to ignite the 
flammable mix and to measure the temperature of the wire as a bridge arm. Before 
each experiment, the reactor was pumped down to 0.1 Torr. Catalytic ignition limits 
were considered as the mean of two temperatures at the given pressure: 

(a) for a bottom-up approach by temperature at lower temperature, the ignition was 
missing, at higher one the ignition occurred, all other things being equal; the 
temperature was increased in steps of 10°, there were no ignitions above the 
noble metal wire before 

(b) for a top-down approach at higher temperature the ignition occurred, at lower 
one the ignition was missing; the temperature was reduced in steps of 10°. It is 
evident that the ignition limit value measured over the wire, which is not treated 
with ignitions (a bottom-up approach), is higher than the value measured with a 
top-down approach. Each value of the catalytic ignition limit given in the graphs 
below is the arithmetic mean of 6 experimental values. 

Total pressure in the reactor was monitored with a vacuum gauge, and the pressure 
in the buffer volume was controlled with a manometer. Chemically pure gases and 
99.85% Pd were used. 

4.3.2 Results and Discussion 

We recall that the “upper” ignition limit is measured with a bottom-up approach by 
temperature (at lower temperatures the catalytic ignition over the “fresh” noble metal
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wire reactor is missing, at higher one the ignition occurs) [15]. When the “upper” 
ignition limit is attained, the further ignitions over the wire already treated with 
combustion take place at decreasing temperatures lower than “upper” limit until the 
“lower” ignition limit is attained (a top-down approach). Thus, the “lower” ignition 
limit corresponds to the catalyst (Pd or Rh) surface treated with ignitions; the “upper” 
one corresponds to the “fresh” catalyst, over which no ignitions occurred before. 

In Fig. 4.8 a, experimental dependences of the temperature at “upper” and “lower” 
ignition limits of gas mixtures H2–ethane- air mix (filled circles), H2–ethylene- air 
mix (circles) over Pd wire and synthesis gas H2–CO mix (squares) over Rh/Pd wire 
on H2 content in the mixture at P0 = 1.7 atm are shown. Crosses on the symbols 
indicate “lower” catalytic ignition limits. 

To bring out the influence of chemical nature of both catalyst and hydrocarbon on 
the surface processes, the catalysts Pd and Rh/Pd as well as ethylene and ethane were 
used in the mixes with hydrogen. Temperature dependences of hydrogen concentra-
tion at the catalytic ignition limits were experimentally determined. Figure 4.8 a 
shows that H2–ethylene–air mix ignites at lower temperatures, than H2–ethane–air 
mix, i.e. ethylene reacts more readily with active centers on the catalytic surface of 
palladium. 

The dependences of H2 fraction in the flammable mixtures on temperature in 
Arrhenius coordinates as justified above (see also [11]) are presented in Fig. 4.8b. 
As is seen in Fig. 4.8, the dependences can be approximated by straight lines (the 
correlation coefficients are > 0.98). The data was processed with the use of the 
program package Statistica 9 (Statsoft). Figure 4.8b shows that the effective activation 
energy of H2 + ethane oxidation is 1.25± 0.4 kcal/mol both over Pd and Rh/Pd wires;

Fig. 4.8 a Experimental dependences of the temperature at “upper” and “lower” ignition limits of 
gas mixtures H2–ethane–air mix (filled circles), H2–ethylene–air mix (circles) over Pd wire H2– 
CO mix (squares) over Rh/Pd wire on H2 content in the mixture. P0 = 1.7 atm. Crosses on the 
symbols indicate “lower” catalytic ignition limits. b Arrhenius plots: dependences of “upper” and 
“lower” catalytic ignition limits of H2–ethylene–air mixes (circles, over Pd; triangles, over Rh/Pd); 
H2–ethane–air mixes (filled circles, over Pd; bold triangles, over Rh/Pd) 
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it is noticeably less than the effective activation energy of H2 + ethylene oxidation 
(2.8 ± 0.5 kcal/mol) both over Pd and Rh/Pd wires. 

Therefore, under conditions of our experiments, not the chemical nature of the 
catalyst but that of C2 hydrocarbon in the mix with H2 is the determining factor of 
catalytic ignition. However, to provide the ignition, the set of reactions, in which 
the branching (an increase in the number of free valences) occurs, must be realized 
[8]. The activated (E = 16.7 kcal/mol [8]) homogeneous branching reaction H + 
O2 → O + OH is the slowest step in the set. Therefore, activation energy of the 
branching should determine the temperature dependence of the overall process, as 
we observed in similar experiments with Pt metal [23]. Thus, in case of Pd and Rh/Pd, 
the branching reaction (or chain propagation one, see Sect. 2.5 of Chap. 2) has most 
likely heterogeneous nature because the effective activation energy is < 3 kcal/mol. 

It can be seen in Fig. 4.8a that both the upper and lower limits of catalytic igni-
tion over Rh/Pd are observed during combustion of the synthesis gas, however, 
hydrogen rich mixtures ignite less actively than H2–ethane/ethylene–air mixes. 
In addition, Fig. 4.8a shows that the dependencies of the catalytic ignition limits 
of synthesis gas over Rh/Pd are qualitatively different from the dependencies for 
combustible hydrogen-hydrocarbon: the “lower” catalytic limit dependence has a 
distinct maximum, which indicates a more complex mechanism of the catalytic 
process. Therefore, the straight-line Arrhenius relation of ln [H2]lim on 1/T is not 
in principle fulfilled. 

It means that the interpretation of the “upper” and “lower” limits of catalytic 
ignition given in the work [15] should be clarified. Notice that according to [15], as 
the temperature rises and the Rh/Pd wire is treated with a hydrogen-containing gas 
mixture, an effective rhodium hydride catalyst is formed on the surface of the wire. 
When the temperature corresponding to the “upper” limit is attained, the mixture 
ignites over the rhodium hydride layer. Then, as the temperature decreases, the lower 
limit of catalytic ignition over the same rhodium hydride layer is reached. Then the 
fact that the activation energies of the upper and lower limits are very close to each 
other is due to the fact that ignition at both limits occurs over the same surface. 
However, both for the synthesis gas and hydrocarbons with longer chains, due to 
the different adsorption capacity of fresh and ignition-treated rhodium hydride with 
respect to CO molecules, initial reagents and combustion products must be taken 
into account to describe the behavior of catalytic ignition limits. 

In Fig. 4.9 a, experimental dependences of the temperature at “upper” and “lower” 
ignition limits of gas mixtures H2–propane- air mix (filled circles, over Rh/Pd wire), 
H2–propane–air mix (circles, over Pd wire) and H2–n-pentane–air mix (triangles, 
over Rh/Pd wire) on H2 content in the mixture at P0 = 1.7 atm are shown. Crosses 
on the symbols indicate “lower” catalytic ignition limits.

As is seen in Fig. 4.9, the value of effective activation energy from Arrhenius 
dependence of logarithm of H2 content at both “upper” and “lower” limits over both 
Pd and Rh/Pd for all mixes on inverse temperature is 1.2 ± 0.3 kcal/mol. Thus, 
the effective activation energy does not depend on the chemical nature both of the 
hydrocarbon in the mix and of the catalyst.
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Fig. 4.9 a Experimental dependences of the temperature at “upper” and “lower” ignition limits of 
gas mixtures H2–propane–air mix (filled circles, over Rh/Pd wire), H2–propane–air mix (circles, 
over Pd wire) and H2—n-pentane—air mix (triangles, over Rh/Pd wire) on H2 content in the mixture. 
P0 = 1.7 atm. Crosses on the symbols indicate “lower” catalytic ignition limits. b Arrhenius plots: 
dependences of “upper” and “lower” catalytic ignition limits of H2–propane–air mix (filled circles, 
over Rh/Pd wire) on temperature; H2–propane–air mix (circles, over Pd wire) on temperature; 
H2–n-pentane–air mix (triangles, over Rh/Pd wire)

It was found that the values of delay periods of catalytic ignition of hydrogen– 
propane mixes weakly depend on initial temperature (Fig. 4.10).

This means that the delay period in this combustible mixture is determined by 
at least two processes, which can be qualitatively represented by the sum of two 
terms, one of which depends on the temperature and is determined by the proximity 
of the mixture to the catalytic ignition limit (a true delay period). The second one 
weakly depends on temperature, while this term is much larger than the first one. The 
second process, which weakly depends on temperature can be the diffusion of one 
of the reagents to (or within) the surface of the catalyst. The foregoing is evidence 
in favor of the following. These relatively long delay periods of catalytic ignition 
and the absence of their dependence on the initial temperature allow us concluding 
that the catalytic ignition of hydrogen—propane (n-pentane) mixes is determined by 
the process of transfer of hydrocarbon molecules to the surface of the catalytic wire 
either from the volume, or within the surface to some active center. 

We briefly summarize the obtained results. It was shown that under conditions of 
our experiments not the chemical nature of the catalyst but that of C2 hydrocarbon in 
the mix with H2 is the determining factor of catalytic ignition. The catalytic ignition 
limits of synthesis gas over Rh/Pd are qualitatively different from the dependencies 
for combustible hydrogen-hydrocarbon: the “lower” catalytic limit dependence has 
a distinct maximum, which indicates a more complex mechanism of the catalytic 
process; the straight-line Arrhenius relation of ln [H2]lim on 1/T is not fulfilled. 
Therefore, it is necessary to clarify the interpretation of the “upper” and “lower” limits 
of catalytic ignition given in the literature and take into account the adsorption of CO
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Fig. 4.10 Delay periods of catalytic ignition of hydrogen–propane and hydrogen–pentane mixes. 
a (50% H2 + 50% C3H8)stoich + air over Rh,  (1) T  = 129.5 °C, (2) T = 125 °C, (3) T = 117.1 °C, 
(4) T = 111 °C, (5) T = 101 °C. b (60% H2 + 40% C3H8)stoich + air over Rh,  (1) T  = 193.3 °C, 
(2) T = 185 °C, (3) T = 173.4 °C, (4) T = 165 °C, (5) T = 155 °C. c (50% H2 + 50% C5H12)stoich 
+ air over Rh, 1 − T = 94.5 °C, (2) T = 79.7 °C, (3) T = 70.1 °C

molecules, initial hydrocarbons and combustion products on the catalytic surface. 
The relatively long delay periods of catalytic ignition of hydrogen—n-pentane mixes 
(tens of seconds) and the absence of the dependence of the periods on the initial 
temperature allow concluding that the catalytic ignition of hydrogen—propane/n-
pentane mixes is determined by the transfer of the hydrocarbon molecules to (or 
within) the surface of the catalytic wire.
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Thus, during the oxidation of hydrogen-hydrocarbon mixtures for methane, the 
main factor determining catalytic ignition is the reaction of hydrogen oxidation on the 
catalytic surface. With an increase in the number of carbon atoms in the hydrocarbon, 
the factors related to the chemical structure, that is, the reactivity of the hydrocarbon 
during catalytic oxidation, begin to play a significant role; and then the oxidation 
rate is already determined by the transfer of hydrocarbon molecules to the surface 
(or along the surface) of the catalyst. 

4.4 The Features of Ignition of Hydrogen–Methane Mixes 
Over Pt at Low Pressures in a Constant Electric Field 
in the Absence of Discharge 

The boundaries of ignition area may also be determined by the occurrence of a 
new solid phase during combustion, on which the reaction of chain termination 
can occur; in this case, for example, the boundaries of ignition area are narrowing. 
Thus, the possible role of charged particles at phase formation can be caused by the 
heterogeneous nature of processes with the participation of these particles. 

As is well known, methane oxidation occurs in a dark on hot platinum wire as a 
catalyst [31]. This is of a great interest in the study of catalytic oxidation processes in 
view of the industrial applications in the near future. For instance, this is promising 
for use in electric power generation systems [32], for reducing methane emissions 
in mines [33], and for automobile emission control [34]. 

Noble metals can also catalyze reactions during chemical vapor deposition (CVD) 
in the synthesis of carbon nanostructures [35]. Cellular combustion regime of 40% 
H2–air mixture in the presence of Pt wire over the interval 270–350 °C was observed 
for the first time in [17]. The regime is caused by the catalytic action of Pt containing 
particles (probably Pt oxides) formed by decomposition of volatile platinum oxide 
in gas phase. The ultra-disperse Pt-containing particles are emitted under heating 
according to [36]. The particles extending into the reactor volume by diffusion and 
convection act as catalytic centers. 

Noble metals strongly impact on the flammability of hydrogen–methane blends. 
It was experimentally shown that the temperature of the ignition limit over Pd at P = 
1.75 atm, measured with a bottom-up approach by temperature (when increasing 
temperature from a state of no ignition), of the mixtures 30% methane + 70% 
hydrogen + air (θ = 0.9, T = 317 °C) markedly drops after subsequent ignitions 
to T = 270 °C for H2–CH4–air mix. The ignition limit returns to the initial value 
after treatment of the reactor with O2 or air, i.e. a hysteresis phenomenon occurs 
[16]. It was shown that in the reactor, treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. 
The result indicates the potential of using rhodium catalyst to markedly lower the 
ignition temperature of the fuels based on hydrogen–methane mixtures (see Sect. 4.1 
this chapter).
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The critical condition for volume reaction is revealed: the ignition in the volume 
occurs at 45% H2 + 55% CH4, but it is missing at ≤ 40% H2 + 60% CH4. If H2 

≤ 40%, only a slow dark reaction on the catalyst surface occurs. It is revealed that 
the effective activation energies of the catalytic ignition limits of H2 + methane 
oxidation are (2.5 ± 0.6) kcal/mol; it means that the key reactions, responsible for 
the occurrence of ignition limits are almost certainly the same for both limits. It 
was shown that for Rh/Pd catalyst, the chain development process has most likely 
heterogeneous nature because the effective activation energy is < 3 kcal/mol (see 
Sect. 4.1 this chapter). 

This paragraph focuses on experimental studies of low-pressure combustion of 
hydrogen–methane mixtures over Pt surface at total pressures from 20 to 180 Torr 
and initial temperatures of 400–600 °C in order to establish the dependencies of 
catalytic ignition limits over Pt surface on temperature and to reveal the features of 
hydrogen- methane mixes ignition over Pt in a constant electric field in the absence 
of discharge. 

4.4.1 Experimental 

The experiments were performed with previously prepared stoichiometric gas 
mixtures 2H2 + O2, (80% H2 + 20% CH4)stoich + O2 (the stoichiometry was calcu-
lated for the sum of fuels. A quartz reactor 4 cm in diameter and 30 cm long was 
heated up with an electric furnace (Fig. 4.11); the temperature was controlled by a 
thermocouple. The accuracy of temperature measurements was ± 0.3 K. The reactor 
was supplied with an optical quartz window at its butt-end. The molybdenum elec-
trode 1 mm in diameter and 40 cm long was placed along an axis of the reactor. The 
external cylindrical electrode 300 mm long made of copper foil was tight around 
the external surface of the reactor. A narrow loop of platinum wire 50 cm long and 
0.3 mm in diameter was soldered to the end of the molybdenum electrode (Fig. 4.11). 

Constant stabilized voltage 0 ÷ 1200 V from B5-24A power supply was applied to 
the internal electrode. Electrodes were connected via a capacitor (3 mF) and a resistor 
(50 kΩ), from which the signal was transmitted if necessary to A/D converter and

Fig. 4.11 Experimental installation: (1) thermocouple, (2) furnace, (3) reactor, (4) color speed 
video camera, (5) internal Pt electrode in the shape of a narrow loop, (6) external copper electrode, 
(7) isolating quartz cylinder, (8) internal Mo electrode, (9) optical window 
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was stored in computer memory exercising control of breakdown between electrodes. 
The reactor was used for studying thermal/catalytic ignition provided by Pt wire. A 
video recording was turned on at an arbitrary moment before gas inlet. A color high-
speed camera Casio Exilim F1 Pro (frame frequency ÷ 1200 frames per second) 
was used. A video file was stored in computer memory and its time-lapse processing 
was performed. The pumped and heated reactor was filled with the gas mixture 
from a high-pressure buffer volume to necessary pressure. The ignition limit was 
measured at increasing pressure with a step 2 Torr until the ignition occurred (a 
bottom-up approach, when increasing pressure from a state of no ignition). Before 
each experiment, the reactor was pumped down to 10–2 Torr. Total pressure in the 
reactor was monitored with a vacuum gauge and the pressure in the buffer volume 
was monitored with a manometer. Chemically pure gases and 99.9% Pt were used. 

The microstructures of carbon residues on Pt were examined using field emis-
sion, ultra-high resolution scanning electron microscope Zeiss Ultra Plus (Germany) 
equipped with an X-ray Microanalysis console INCA 350, Oxford Instruments. 

4.4.2 Results and Discussion 

Catalytic ignition areas (indicated with + ) of 2 H2 + O2 and (80% H2 + 20% 
CH4)stoich + O2 mixes over Pt wire are presented in Fig. 4.12 in pressure–temperature 
coordinates. As is seen in Fig. 4.12, the ignition limit pressures for both gas fuels do 
not depend on the applied voltage up to 1200 V. 

In the case of (80% H2 + 20% CH4)stoich + O2 mix, the catalytic ignition limit 
value first decreases with increasing temperature and then the ignition limit increases 
until the auto-ignition area takes the characteristic V-shape (Fig. 4.12). The V-shape 
is probably determined by the following. With an increase in temperature, the value 
of the ignition limit initially decreases due to the increasing rate of the activated 
volume branching step or the certain activated cycle of elementary steps [8]. As 
temperature increases further, the rate of the dark surface reaction increases resulting

Fig. 4.12 Areas of catalytic 
ignition (indicated with + ; 
filled circles, 0 V; squares, 
1200 V) over Pt wire: lower 
curve—2H2 + O2; upper 
curve (80% H2 + 20% 
CH4)stoich + O2. The areas 
below the curves correspond 
to the dark reaction 
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in an increase in the degree of fuel conversion; thus, the fuel content of the mixture 
decreases and therefore the value of the ignition limit increases because the mixture 
becomes leaner. 

However, the certain features of developed ignition depend on the applied voltage. 
In Fig. 4.13, typical frames of high-speed filming of the catalytic ignition of mixtures 
2H2 + O2 (a) and (80% H2 + 20% CH4)stoich + O2 (b, c) over Pt wire are presented 
at different values of applied voltage. 

Note that the sequences of the frames of hydrogen catalytic ignition in the absence 
of a field and in the applied field do not differ. This means that the solid particles 
occurring during combustion, which are formed by decomposition of volatile plat-
inum oxide in gas phase [17] to metallic Pt conduct electricity. It agrees with literature 
data [37], according to which α-PtO2 is the n-type semiconductor with high electrical 
conductivity (as well as Pt itself). 

From Fig. 4.13, one can estimate the relative visible propagation velocities of the 
flames in experiments a–c, by the time it takes the intensity of chemiluminescence to 
reach its maximum [8]. As is seen in Fig. 4.13, hydrogen flame (Fig. 4.13a) propagates 
at the highest velocity, since the maximum intensity of chemiluminescence is reached 
already at approximately the third frame. As is seen in Fig. 4.13 (b), the hydrogen– 
methane flame in the absence of an applied electrical field has a visible velocity less 
than the hydrogen flame (the maximum intensity of chemiluminescence is reached at 
approximately the fifth frame) in accordance with literature data [8] indicating that 
the methane-oxygen flames propagate at lower velocities than the hydrogen–oxygen 
flame. 

From Fig. 4.13c, it can be seen that the application of an electric field (1200 V) 
leads to the disappearance of solid particles from the reaction volume, which indicates

Fig. 4.13 a High-speed filming of the catalytic ignition of a 40% H2 + air mixture over Pt wire. 
1200 frames per second, T0 = 525 °C, P0 = 135 Torr. 1200 V applied. b High-speed filming of 
the catalytic ignition of a mixture (80% H2 + 20% CH4)stoich + O2 over Pt wire. 1200 frames per 
second, T0 = 525 °C, P0 = 135 Torr. 0 V applied. c High-speed filming of the catalytic ignition of 
a mixture (80% H2 + 20% CH4)stoich + O2 over Pt wire. 1200 frames per second, T0 = 525 °C, 
P0 = 135 Torr. 1200 V applied. The first frame corresponds to the moment of the occurrence of the 
flame 
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that these particles are charged. This may be due to the chemiionization phenomenon 
observed in the combustion of hydrocarbons [38]. For instance, positive ions and 
electrons formed in the flame front can be trapped by Pt-containing particles and the 
latter acquire a charge [39, 40]. 

As is also seen in Fig. 4.13c, the hydrogen–methane flame in the presence of 
an electrical field has a visible velocity even less than that in the absence of it (the 
maximum intensity of chemiluminescence is reached at approximately the seventh 
frame). At this point, we showed in [17] that Pt-containing particles extending into 
the reactor volume by mass transfer processes act as catalytic centers, on which the 
ignition occurs in the course of flame front propagation. Thus, if the electric field is 
applied, catalytic centers acquire a charge and are removed from the volume, which 
should lead to a decrease in the flame velocity. 

Thus, the interpretation of the patterns given in Fig. 4.13 is in agreement with 
literature data. 

The furher part of the work was aimed at the establishing morphology of the 
residue on the noble metal surface using the mix (80% H2 + 20% CH4)stoich + 
O2 as the precursor. SEM analysis of the wire surface did not show any noticeable 
structures on the noble metal surface, both in ignition (140 Torr) and “dark” reaction 
(70 Torr) regimes of combustion of (H2 + CH4)stoich + O2 mix. The results of SEM 
investigation of the noble metal surface treated under conditions of both combustion 
regimes are shown in Fig. 4.14. The elemental analysis is given in Table 4.1. 

Fig. 4.14 (1) SEM micrograph of untreated Pt wire; (2) SEM micrograph of Pt wire treated with 
20 ignitions of (80% H2 + 20% C4H8)stoich + O2 mix (P = 140 Torr) and 20 treatments with the 
dark reaction (P = 100 Torr), T = 530 °C; 3, 4—Micrograph 2 in higher magnification. White 
circles in micrographs 1, 2 indicate the points of analysis. Mean values are given in Table 4.1 

Table 4.1 Surface elemental analysis of samples 1 and 2 

Mean 1 4.05 6.25 10.29 79.41 

Mean 2 41.55 13.12 6.80 38.53 

Spectrum C Al Cu Pt 

All results are given in atomic % 
Processing option: All elements analysed (Normalized)
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As is seen in Table 4.1, the surface of treated wire contains more carbon than 
untreated one. However, Fig. 4.13 (3, 4) shows that carbon nanotubes practically 
do not form, only perhaps very rarely (shown by the arrows in Fig. 4.13 (3)] as 
distinct from (H2 + C4H8)stoich + O2 mix, in which the synthesis of carbon nanotubes 
proceeds in an efficient way in a “dark” regime (see Sect. 3.6, Chap. 3). 

Notice that the untreated sample represents the surface with rolling marks 
[Fig. 4.13 (1)]. In the sample treated with ignitions, the defects in the form of open-
ings develop [Fig. 4.13 (2–4)]. These defects focus on etching patterns; the etching 
substances are obviously active intermediates of H2 oxidation, the similar etching 
was earlier observed for Rh, Ru and Pd surfaces [15] under their treatment with H2 

combustion. 
We briefly summarize the results. 
It was shown that the ignition limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich 

+ O2 mixes over Pt wire do not depend on the applied voltage without discharge up 
to 1200 V. 

It was shown that for (80% H2 + 20% CH4)stoich + O2 mixes the application 
of an electric field (1200 V) leads to the disappearance of Pt containing particles 
formed by decomposition of volatile platinum oxide in gas phase from the reaction 
volume, which indicates that these particles are charged. This may be due to the 
chemiionization phenomenon observed in the combustion of hydrocarbons. 

It was shown that in combustion of (80% H2 + 20% CH4)stoich + O2 mix carbon 
nanotubes practically do not form as distinct from combustion of (H2 + C4H8)stoich 
+ O2 mix. 

4.5 Conclusions 

Experimental determination of ignition temperatures and effective activation energies 
of ignition of mixes (40 ÷ 70% H2 + 60 ÷ 30% CH4)stoich + air over Rh was 
performed at 1 ÷ 2 atm over temperature range 20 ÷ 300 °C under static conditions 
in order both, to establish catalytic effectiveness of Rh as a promising igniter, and to 
reveal the factors, which determine the values of effective activation energies and to 
find out whether NTC phenomenon exists in the ignition. 

It was shown that in the reactor, treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. 
The result indicates the potential of using rhodium catalyst to lower markedly the 
catalytic ignition temperature of the fuels based on hydrogen–methane mixtures. The 
critical condition for volume ignition is revealed: the ignition in the volume occurs 
at 45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction 
occurs; this phenomenon is qualitatively described by our earlier calculations. It is 
revealed that the effective activation energies both of “upper” and “lower” limits of 
H2 + methane oxidation over the range of linearity are roughly equal (2.5 ± 0.6) 
kcal/mol; it means that the key reactions, responsible for the occurrence of “upper” 
and “lower” ignition limits are almost certainly the same. It was shown that for
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Rh/Pd catalyst, the chain development process has most likely heterogeneous nature 
because the effective activation energy is < 3 kcal/mol. Experimental determination 
of ignition temperatures and effective activation energies of ignition of mixtures 5% 
÷ 40% H2–air over Rh and (30 ÷ 70% H2 + 70 ÷ 30% C2H6 (and C2H4))stoich + air 
over Rh and Pd at 1 atm was performed over temperature range 20–300° under static 
conditions in order to compare catalytic effectiveness of Rh and Pd and to establish 
the factors that determine the values of effective activation energies. It was shown 
that the obtained values of effective activation energy are in mutual agreement and 
are characteristic of the surface nature of Rh action; Rh is more catalytically active 
than Pd. The key features of catalytic ignition on metallic rhodium and palladium in 
a series of mixed fuels: namely hydrogen + synthesis gas and hydrogen + hydro-
carbon (ethane, ethylene, propane, pentane) + air were identified to establish the 
boundaries of catalytic ignition regions, dependencies of effective ignition activa-
tion energies on the nature of hydrocarbon, and the role of dark oxidation processes. 
It was shown that under conditions of our experiments not the chemical nature of the 
catalyst but that of C2 hydrocarbon in the mix with H2 is the determining factor of 
catalytic ignition. The catalytic ignition limits of synthesis gas over Rh/Pd are qual-
itatively different from the dependencies for combustible hydrogen-hydrocarbon: 
the “lower” catalytic limit dependence has a distinct maximum, which indicates a 
complex mechanism of the catalytic process; Arrhenius dependence of ln [H2]lim on 
1/T could not be applied. Therefore, the interpretation of the “upper” and “lower” 
limits of catalytic ignition given in the literature should be cleared up. In our opinion, 
both for the synthesis gas and hydrocarbons with longer chains, due to the different 
adsorption capacity of fresh and ignition-treated rhodium hydride with respect to 
CO molecules, initial hydrocarbons and combustion products must be taken into 
account to describe the behavior of catalytic ignition limits. Long delay periods of 
catalytic ignition of hydrogen–n-pentane mixes (tens of seconds) and the absence of 
the dependence of the periods on the initial temperature allow us concluding that the 
catalytic ignition of hydrogen–n-pentane mixes is determined by the transfer of the 
molecules of the hydrocarbon blend to the surface of the catalytic wire. Thus, in the 
oxidation of hydrogen-hydrocarbon blends for methane, the main factor determining 
catalytic ignition is the oxidation reaction of hydrogen on the catalytic surface. With 
an increase in the number of carbon atoms in the hydrocarbon, the factors associated 
with the chemical structure, that is, the reactivity of the hydrocarbon in catalytic 
oxidation, begin to play a significant role; and then the oxidation rate is already 
determined by the processes of transfer of the hydrocarbon molecules to (or within) 
the catalyst surface. 

Experimental studies of low-pressure combustion of hydrogen–methane mixtures 
were carried out over Pt surface at total pressures from 20 to 180 Torr and initial 
temperatures of 400–600 °C in order to establish the relationships of catalytic ignition 
limits over Pt on temperature and to reveal the features of ignition of hydrogen-
methane mixes over Pt in a constant electric field in the absence of discharge. It was 
shown that the ignition limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich + O2 

mixes over Pt wire do not depend on the applied voltage without discharge up to 
1200 V. We showed that for (80% H2 + 20% CH4)stoich + O2 mixes the application
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of an electric field (1200 V) leads to the disappearance of Pt containing particles 
formed by decomposition of volatile platinum oxide in gas phase from the reaction 
volume, which indicates that these particles are charged. This may be due to the 
chemiionization phenomenon observed in the combustion of hydrocarbons. Is was 
shown that in combustion of (80% H2 + 20% CH4)stoich + O2 mix carbon nanotubes 
practically do not form as distinct from (H2 + C4H8)stoich + O2 mix. 
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Chapter 5 
Features of Interaction of the Surfaces 
of Noble Metals with Propagating Flame 
Front 

Abstract This chapter is focused on the features of interaction of the surfaces of 
noble metals with a propagating flame front. It was shown that a flame propagation 
process in a conditional room containing an indoor space with two openings and 
a flammable material inside shows a wide variety of combustion modes depending 
on the geometry of this complex volume. Preliminary numerical calculation of the 
expected flame propagation patterns may not always be successful, a real experiment 
under laboratory conditions, assuming the possibility of scaling the process, seems 
to be the most informative one. The investigation into Pt behavior in the flame of 
methane combustion under conditions of turbulent flow was performed. We revealed 
that under certain conditions Pt catalyst can suppress combustion and thereby show 
the opposite effect due to the high efficiency of Pt surface coated with a Pt oxide 
layer in the reaction of chain termination. Therefore, kinetic factors could be the 
determining even under conditions of high turbulence. It was shown that the rate of 
chain termination determines the value of the critical diameter for flame penetration 
through Pt or Pd cylinders; the efficiency of Pd surface in chain termination reaction 
is much greater than that of Pt. 

Keywords Flame propagation · Rhodium · Palladium · Platinum · Combustion ·
Methane · Oxygen · Air · Obstacle · Complex geometry · Turbulence 
The influence of the obstacles located in different volumes, filled with combustible 
mixture, on the propagation of flame front (FF) is investigated for a long time. These 
researches were performed to find out both the dependence of combustion regime on 
the type of obstacles and possibility to influence on combustion regimes by varying 
obstacle shape. In our investigations, the obstacle material is also varied. It is known 
that if the composition of a gas mixture is far from concentration limits of ignition then 
the velocity of flame propagation in the presence of obstacles can quickly increase 
to supersonic values. On studying the quickly accelerated flames, it is possible to 
observe DDT (deflagration to detonation transition), however, the velocity of super-
sonic combustion wave in the presence of obstacles is often below Chapman–Jouquet 
velocity. Therefore, from the practical point of view the most prominent aspect in 
the investigation of accelerated flames is caused by problems of engines operation or
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explosion safety and connected mainly with transition of fast combustion to nonsta-
tionary quasi-detonation regimes, which destructive influence is more effective than 
in Chapman–Jouquet regime. It is necessary to notice that influence of obstacles, 
can manifest themselves doubly: in the maintenance of detonation wave as a result 
of reflections of shock waves and in quenching of detonation wave as a result of 
heat losses. It is possible to transfer the previously mentioned to an initial stage of 
flame acceleration, namely to the moment when the laminar flame meets an obstacle; 
that is the subject of the present Chapter. This interaction causes the development 
of flame instability, promoting its acceleration. On the other hand, the contact of 
FF with a reactor surface leads to an increase in the contribution of heterogeneous 
reactions, in particular, chain termination. This should promote flame suppression. 
This ambiguous mechanism of the action of obstacles underlies that physical means 
of detonation suppression (nets, nozzles, etc.) is not always effective. 

The contributions of both of these processes are also determined by the geometry 
of the confinement, in which the flame propagates and the material of the obstacle, 
with which the flame interacts. 

The purpose of this Chapter was to establish the gas-dynamic and kinetic features 
of the penetration of methane-oxygen flames through obstacles of various geometries 
and materials (including noble metals) using high-speed filming. 

5.1 Propagation of Laminar Flames of Natural Gas-Oxygen 
Mixtures in the Volumes of Complex Geometry 

Combustion processes in large volumes have attracted great interest in recent decades. 
Tests in large volumes are performed to characterize the explosion and detonation 
characteristics of hydrogen-air and hydrogen–oxygen mixtures. Most of the existing 
experiments use shock tubes for these types of explosions. A small part of these 
works is devoted to experiments in spherical geometry [1, 2]. However, the large scale 
transfer of small fire tests emerges as the major problem encountered by researchers. 
Therefore, it is difficult to predict and anticipate the development of a full-scale fire. 
To solve this problem, the development of an approach combining experiments and 
modeling is necessary. Moreover, multi-scale analysis is a required strategy [3]. 

At the same time, one can conclude from existing publications that modeling, 
and, accordingly, understanding ignition and combustion in large volumes in the 
presence of mesh and other obstacles, is still at an early stage. In particular, this 
is due to the lack of experimental data because of the cost and danger of creating 
large-scale experimental stands. 

As is shown in [4], propagation velocities of the spherical combustion front within 
the framework of the acoustic approximation of the reactive Navier–Stokes equations 
for a compressible medium taking into account the chain reaction mechanism, are 
practically the same both for a small scale and for large one. This means that for 
subsonic flames one should not probably expect the manifestation of scale effects.
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However, the exception can be thermoacoustic instabilities of the spherical flame 
front in lean hydrogen–air mixtures while in the process of flame propagation, long-
wave disturbances arise, which are excited noticeably later than the moment when the 
flame front touches the side walls of the small laboratory reactor. The data obtained 
in [5] are an argument in favor of the existence of a large-scale effect when this type 
of instability occurs. 

As is seen from above, one can expect the lack of the large-scale effect in subsonic 
combustion of stoichiometric hydrocarbon-oxidizer mixtures. Therefore, taking into 
account the fact that the multi-scale analysis is the required strategy, the experiments 
on the propagation of combustion waves in methane-oxygen mixtures in the volumes 
of the laboratory scale of complex geometry were performed. The experimental data 
are qualitatively illustrated on the basis of the reactive Navier–Stokes equations for a 
compressible medium taking into account the chain reaction mechanism. The results 
must be important for the modeling of explosion safety problems for volumes of 
complex geometry. 

The paragraph is aimed at establishing the regimes of penetration of a flame front 
of the diluted methane-oxygen mixture through obstacles in the volumes of complex 
geometry in the laboratory scale installation. 

5.1.1 Experimental 

The experiments were performed with stoichiometric methane-oxygen mixes diluted 
with CO2 and Kr at initial pressures of 100–200 Torr and 298 K in the horizontally 
located cylindrical quartz reactor of 70 cm in length and of 14 cm in diameter. A 
spark ignition electrode was located near the left butt-end of the reactor (Fig. 5.1).

The reactor was fixed in two stainless steel gateways at butt-ends, supplied with 
inlets for gas pumping and blousing and a safety shutter, which swung outward 
when the total pressure in the reactor exceeded 1 atm [6]. The obstacles shown in 
the Fig. 5.1 were placed inside the reactor. These included a plastic cone with the 
cone hole d = 40 mm directed towards the propagating flame front, and 110 mm 
long (Fig. 5.1a), and a plastic cone with the cone hole d = 40, 110 mm long and a 
hole on the cone generator; the Rh/Pd spiral was placed at the cone point (Fig. 5.1b). 
In the paragraph, plastic cylinders 110 mm long and diameters d = 25, 40, 50, 60, 
110 mm (Fig. 5.1c) and a plastic cylinder d = 40 mm with a hole on the generatrix 
of the cylinder were used; the Rh/Pd spiral was placed at the butt-end of the cylinder 
(Fig. 5.1d). Rh sample was made by electrochemical deposition of Rh layer 15 μm 
thick on Pd wire (0.3 mm thick 80 mm long). 

A combustible mixture (15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Ar) was 
prepared prior to experiment; CO2 was added to decrease a flame front velocity and to 
enhance the quality of filming; Ar was added to diminish the discharge threshold. The 
reactor was filled with the mixture up to necessary pressure. Then, spark initiation 
was performed (the discharge energy was 1.5 J). Speed filming of ignition dynamics 
and flame front propagation was carried out from the side of the reactor with a Casio
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Fig. 5.1 a experimental installation. (1) quartz reactor, (2) stainless steel gateway, (3) silicone 
laying, (4) stainless steel shutter, (5) spark electrodes, (6) discharge power supply, (7) high-speed 
color movie camera, (8) microphone, (9) hollow cone, (10) fastening element, (11) Rh/Pd wire coil, 
(12) hole, (13) rotary mirror; b a hollow cone with a hole and Rh/Pd wire coil inside; c a hollow 
cylinder; d- a hollow cone with a hole and Rh/Pd wire coil inside

Exilim F1 Pro color high-speed digital camera (frames frequency of 600 s–1) [7]. 
The video file was stored in computer memory and its time-lapse processing was 
performed [7]. The pressure change in the course of combustion was recorded by a 
piezoelectric gage synchronized with the discharge. The reagents of chemically pure 
grade and 99.85% Pd were used. 

5.1.2 Results and Discussion 

Figure 5.2 shows the results of high-speed filming of flame propagation in the hollow 
cylinder (Fig. 5.2a) and cone (Fig. 5.2b) located in the larger reactor. As is seen in 
(Fig. 5.2a, b) the flame propagation in both the hollow cylinder and the cone occurs 
similar to the flame propagation in the larger cylinder, namely the flame reaches the 
end of the cylinder (or the tip of the cone) and the end of the larger cylinder almost 
simultaneously. In addition, in the hollow cylinder and in the larger cylinder, the gas 
dynamic instability (“tulip flame” [8]) also arises simultaneously.

In the hollow cone, this instability is missing. As is seen in (Fig. 5.2c), the visible 
flame velocity Vv (determined from the dependence of a flame front position on a 
frame number) does not depend on the diameter of the hollow cylinder. It means 
that the rates of both, heat losses and heterogeneous chain termination are relatively 
small. Notice that the Vv value in the hollow cone (85 cm/s) is less than that for the 
hollow cylinder (112 cm/s) indicating greater contribution of the losses of both types 
during flame propagation in the cone. Notice that the value of the flame velocity in the
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Fig. 5.2 High-speed filming of a flame front propagation in a hollow cone, b hollow cylinder. c 
dependence of a flame front position on a frame number. T0 = 298 K. P0 = 170 Torr. The figure 
on each frame corresponds to the frame number after discharge

hollow cylinder is close to the experimental value for the CH4 + O2 stoichiometric 
mixture + 40% CO2 [9]. 

In (Fig. 5.3a), the frames of high-speed filming of flame propagation in a hollow 
cone with a hole and Rh/Pd wire coil inside (Fig. 5.1b) are presented. Such geom-
etry allows observing the propagation of counter flames in the hollow cone. In the 
experiment, one of the flames (on the left) is initiated by the initial flame front, the 
second one (on the right) arises at the top of the hollow cone when initiated by an 
external flame through a hole in the presence of a Rh/Pd catalyst: in the absence of 
the latter, the counter flame does not occur.

In (Fig. 5.4a), the frames of high-speed filming of flame propagation in a hollow 
cylinder with a hole and Rh/Pd wire coil inside (Fig. 5.1d) are shown. Such geom-
etry provides a generation of the vortex ring from reaction products (the vortex 
ring propagation is highlighted by white curcles) under same conditions (instead of 
counter flames, occurring in the hollow cone), which arises at the butt-end of the 
hollow cylinder (on the left) being initiated by an external flame through a hole in
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Fig. 5.3 a High-speed filming of a flame front propagation in a hollow cone with a hole and Rh/Pd 
wire  coil  inside  (b, Fig. S1). T0 = 298 K. P0 = 170 Torr. The figure on each frame corresponds to the 
frame number after discharge. b Results of calculation of the change in dimensionless temperature 
for flame in a hollow cone with a hole and Rh/Pd wire coil inside

the presence of a Rh/Pd catalyst: in the absence of the latter, the vortex ring does not 
occur. 

In Fig. 5.5, the frames of high-speed filming of flame propagation in a hollow 
cylinder (d= 25 mm) with a hole and Rh/Pd wire coil inside (Fig. 5.1d) are presented. 
As is seen in the Figure, a blue flame front propagates from the left to the right, then 
the catalyst initiates a yellow flame, which propagates in the opposite direction. As 
is known, the flame front in a hydrocarbon-air mixture in a heated cylindrical reactor 
is always of yellow color (so-called “hot” flame, [4, 10]), although the flame at the

Fig. 5.4 a High-speed filming of a flame front propagation in a hollow cylinder with a hole and 
Rh/Pd wire coil inside (Fig. 5.1d). T0 = 298 K. P0 = 170 Torr. The figure on each frame corresponds 
to the frame number after discharge. The vortex ring propagation is highlighted by white circles. b 
Results of calculation of the change in dimensionless density for flame in a hollow cylinder with a 
hole and Rh/Pd wire coil inside. The vortex ring propagation is highlighted by white circles 
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Fig. 5.5 High-speed filming of a flame front propagation in a hollow cylinder d = 20 mm with a 
hole and Rh/Pd wire coil inside (Fig. 5.1d). T0 = 298 K. P0 = 170 Torr. The figure on each frame 
corresponds to the frame number after discharge. The arrows indicate the occurrence of the ignition 
center on the surface of Rh/Pd wire 

initial room temperature in the same mixture and in the same reactor is of blue color 
(“cold” flame, [4, 10]). The color of the flame is due to the emission of CH (431 nm) 
and, possibly, CH2O (470 nm) radicals. The yellow color of the hot flame is caused 
by the emission of excited Na atoms or a lack of an oxidizing agent, i.e. the formation 
of soot [10]. A block of reactions of hydrocarbon oxidation to CO is considered [10] 
to be realized in a “blue”, “cold” flame, and in a “yellow”, “hot” flame, the next block 
of reactions of CO oxidation to CO2 is realized. The result obtained means that the 
technique used allows one to separate in time and space the “cold” and “hot” flames 
in a single experiment. The result obtained is also important for the verification of 
numerical models of methane combustion. 

Notice that the given example of combustion of a methane-air mixture in a complex 
volume does not even make it possible to qualitatively predict the behavior of the 
flame front and reaction products; it is obvious that there can be no question of 
achieving any quantitative agreement between calculation and experiment. 

We attempted to qualitatively take into account the main factors in consideration 
of the ignition with catalytically heated wire [11] using compressible dimensionless 
reactive Navier–Stokes equations in low Mach number approximation [4, 12–14] 
see also Sect. 2.5 Chap. 2. The reaction velocity in the volume was presented by an 
elementary chain mechanism: C → 2n (w0) and n + C → 3n + products. In this 
case, the simple Arrhenius equation, as in [4] and Sect. 2.5 Chap. 2, Appendix, set 
(2) was replaced with the following ones: 

ρ
[
Ct + v Cy + u Cx

] = Δ2 C − β0n W  

ρ
[
nt + vny + unx

] = Δ2 n + 2β0n W  

W = C exp  (ζ − ζ/T) volume reaction 

W1 = C exp  (ς1 − ς1/T) surface reaction 

β0 is a kinetic coefficient proportional to Damköhler number.
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The catalytic wire was simulated by a rectangular region below the side opening 
in the hollow cone (Fig. 5.3c) or cylinder (Fig. 5.4c). Chemical exothermic chain 
propagation (without branching, but with the preservation of free valences) reaction 
occurred on the boundaries of the region, boundary conditions on the “wire” took 
the form similar to Sect. 2.5 Chap. 2, Appendix. 

Tt = αδβ1W1 (heat release; β1 characterizes specific heat release, α = 1 for  
homogeneous surface), nt = αδβ0W1 (surface propagation), Ct = 0.2C (adsorption 
of the initial reagent); δ scale coefficient, which determined only the duration of the 
calculations. On the reactor walls n = 0 (heterogeneous chain termination), u = 0, v 
= 0, ρx = 0, Cx = 0, Tx = T0 where x is the dimensionless coordinate (a subscript 
means partial derivative with respect to time t or abscissa x). The parameters were 
assumed to be ζ = 7.5 (close to effective activation energy of the branching reaction 
of volume oxidation), ζ1 = 1.5 (the estimate of the value of activation energy of a 
surface process [15]), β = 0.15, β1 = 0.22. Initiation condition was taken as T = 10 
on the left boundary of the rectangular channel, in which a hollow cone or cylinder 
were located. 

The solution of the problem was carried out by finite element analysis using 
a software package FlexPDE 6.08, 1996–2008, PDE Solutions Inc. [16]. The results 
of the calculation are shown in (Figs. 5.2c and 5.3c). As is seen in the Figures, the 
qualitative model allows to describe the main features of a flame front propagation 
in a hollow cone and cylinder with a hole and Rh/Pd wire coil inside, for instance, a 
generation of a vortex ring in case of the hollow cylinder. 

However, a more detailed methane combustion mechanism is required to describe 
the occurrence of the hot flame shown in Fig. 5.5. 

Thus, it can be concluded that an exemplary flame propagation process in a condi-
tional confinement containing an indoor space with two openings and a flammable 
material inside shows a wide variety of combustion modes depending on the geometry 
of this complex volume. As is seen from above, the preliminary numerical calcula-
tion of the expected flame propagation patterns may not always be successful. Thus, 
a real experiment under laboratory conditions, assuming the possibility of scaling 
the process, seems to be the most informative one. 

5.2 Experimental Investigation into the Interaction 
of Chemical Processes on Pt Wire and Reactive Flows 
at Flame Penetration Through Obstacles 
in the Presence of Iron Nanopowder 

In the previous paragraph, we showed that a model of a flame propagation process 
in a conditional confinement containing a room with two openings and a flame 
initiating material inside provides a wide variety of combustion regimes depending 
on the geometry of this complex volume, i.e. gas dynamic factors play a decisive 
role. It means that ab initio numerical calculation of the flame propagation patterns
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is successful with a low probability. Thus, it is necessary to rely on the results of 
experiments at least under conditions of a laboratory model installation and then 
interpret the obtained results taking into account the possibility of further scaling. 
The problems of flame interaction with catalytic surfaces, in which gas-dynamic 
factors play a very important role, are discussed below. 

In 1818 Sir Humphrey Davy discovered that methane and oxygen on hot platinum 
wires can produce a considerable amount of heat in a dark reaction [17]. The interest 
in the catalytic oxidation process and its corresponding reaction systems has been 
increasing because of the wide potential applications of this technology in the usage 
of the catalytic combustion both in the power generation systems [18–20], and in 
reduction fugitive methane levels [21]; in the use of catalytic converters in the vehicles 
to reduce the emission levels of harmful gases as well [22, 23]. There has been 
considerable interest in the catalytic partial oxidation, resulting in production of 
intermediate raw materials, which are crucial to synthesize high value products. 

The detailed mechanism of methane oxidation on noble metals is not well under-
stood yet. Methane chemisorption and methane-deuterium exchange experiments 
[24] showed that the chemisorption of methane on noble metals involves dissociation 
to adsorbed methyl or methylene. The subsequent interaction of the methyl or methy-
lene radicals with the adsorbed oxygen has been proposed to lead to either direct 
oxidation to carbon dioxide and water or the formation of chemisorbed formalde-
hyde [25]. Up to now the nature and oxidation states of the reactive surface are 
largely uncertain, and probably quite different in each of the studies. By the example 
of palladium, the oxidation might be occurring on the Pd metal, on a palladium (II) 
oxide surface, or even on a surface partially covered with oxygen. Indeed, all three 
types of catalytic reactions could be occurring simultaneously. As is known from 
X-ray photoelectron spectroscopy (XPS) measurements [26], the smaller the size of 
the palladium crystallites is, the greater the tendency is for them to exist in an oxide 
form. There are other uncertainties with regard to the catalytic oxidation of methane, 
that is, the role of the catalyst support, the effect of particle size and the choice of 
precursor salt used to prepare the catalyst. 

It is worth mentioning that the kinetics of catalytic combustion is only relevant to 
the regions where the intrinsic surface reaction is the controlling step. In addition, 
the reaction will anyway reach a point where a large amount of thermal energy will 
be released as a result of complete consumption of the reactant. The energy can 
result in a significant temperature increase, so the stability of the catalyst at high 
operating temperatures is affecting the performance of the catalytic system [18]. 
It should be noted that noble metals form oxides and other chemical compounds, 
which, depending on the reactivity of the compound, determine both the speed and 
the mechanism of catalytic process; it noticeably complicates the search of optimum 
conditions of catalysis. For instance, Pd easily transforms to PdO at temperatures 
lower than 1100 K, however PtO2 can hardly be generated below 825 K and it is a 
very unstable compound. Because of the greater stability of PdO in comparison with 
PtO2, in the case of Pd based catalyst the active phase is the PdO while in the case of 
Pt based catalyst the active phase is metallic Pt. The activity of PdO is greater than 
that of Pt, which results in higher conversions for PdO.
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The reaction temperature has a significant effect on the level of the activity of 
the catalyst in two ways. First, there is an apparent shift in the activation energy 
of methane catalytic combustion on Pd catalyst as the temperature increases. The 
temperature, where this transition happens, has been reported to be a function of 
catalyst composition [27]. Although it is crucial to differentiate changes in apparent 
activation energy occurring as a result of the onset of mass and heat transfer effects, 
there is sufficient evidence in the literature indicating that there is indeed a genuine 
activation energy shift in the reaction of methane catalytic combustion on Pd catalyst. 
Petrov et al. [25] studied methane combustion over noble metal catalysts in the 
temperature range of 500–800 K and they observed a sharp change in the values of 
reaction activation energy. 

Summarizing, we conclude that the emergence and participation of chemically 
active surface during gas combustion (by the example of H2 combustion over Pt 
surface) significantly complicates the understanding of the process due to the occur-
rence of a number of new governing parameters. These include the dependence 
of chemical activity of the catalyst on its chemical composition, temperature and 
conditions of mass transfer. 

The paragraph is aimed at the investigation into Pt behavior in the flame of methane 
oxidation under conditions of turbulent flow. As is considered in [28], surface reac-
tions on Pt surface are mainly highly activated (≥ 20 kcal/mol). Therefore, one can 
expect not only inert behavior of Pt catalyst at comparably low temperatures, at which 
the catalyst does not have time to be heated, but also suppression of the process due 
to the complex mechanism of heterogeneous termination of atoms and radicals on a 
Pt surface. 

5.2.1 Experimental 

Flame propagation in stoichiometric mixtures of methane with oxygen diluted with 
CO2 or Kr at initial pressures in the range of 100–200 Torr and 298 K (Fig. 5.6) in  
the pumped horizontally located cylindrical quartz reactor of 70 cm in length and 
of 14 cm in diameter was investigated. The reactor was fixed in two stainless steel 
gateways at the butt-ends, supplied with inlets for gas pumping, gas admission and a 
safety shutter, which swung outward when the total pressure in the reactor exceeded 
1 atm. A pair of spark ignition electrodes was located near the left butt-end of the 
reactor [29, 30].

Four types of obstacles were used:

(1) a single flat obstacle with an opening of 25 mm in diameter closed with a flat 
iron net (wire d = 0.1 mm, cell size of 0.15 mm2); 

(2) a single flat obstacle with an opening of 25 mm in diameter closed with a flat 
iron net (wire d = 0.1 mm, cell size of 0.15 mm2), a turn of Pt wire 0.3 mm in 
diameter was attached to the net;
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Fig. 5.6 a High-speed filming of FF propagation through the round opening of 2.5 cm in diameter 
in a planar obstacle of 14 cm in diameter, b high-speed filming of FF propagation through the round 
opening of 4 cm in diameter in a planar obstacle of 14 cm in diameter, c high-speed filming of FF 
propagation through the meshed sphere of 4 cm in diameter (wire diameter of 0.1 mm, cell size of 
0.1 mm2) inserted into a planar obstacle 14 cm in diameter, 15.4% CH4 + 30.8% O2 + 46% CO2 
+ 7.8% Kr at initial pressure 170 Torr. The figure on a frame corresponds to frame number after 
discharge. Arrows specify distances of flame front occurrence after the obstacle

(3) a single flat obstacle with an opening of 25 mm in diameter with the obstacle 
(a) (Fig. 5.7Ia);

(4) a single flat obstacle with an opening of 25 mm in diameter with the obstacle 
(b) (Fig. 5.7Ib). Evidently, obstacles (3) and (4) are more effective turbulence 
stimulators than the obstacles (1) and (2), because they contain two consecutive 
obstacles, not one. 

In the experiments, the obstacles with empty openings were placed first, i.e. the 
flame reaches the empty opening in the first instance. The second obstacle was placed 
at the distance of the “flame jump” [6] from the first one. 

We remind that the ignition after obstacle with the central opening does not occur 
in the immediate vicinity of the obstacle, the first spot of ignition is observed consid-
erably far from the obstacle surface. The less the diameter of an opening is, the farther 
FF from an obstacle appears (it is specified by arrows in the figure). A “flame jump” 
(we mean by “flame jump” the distance of flame emergence behind an obstacle) is 
much longer in the presence of the meshed sphere, than in the presence of a hole. 
For certainty, let us give an example from [5, Fig. 6.15]. The figure shows shots of 
a high-speed filming for the propagation of a methane flame through a narrow hole 
[(a) frame 20], through a wider hole [(b) frame 20] and through an obstacle in the 
form of a close-meshed sphere inserted into a flat obstacle [(b) frame 19]. 

This distance made up 12 cm under our conditions. In a number of experiments, 
the flat obstacle 14 cm in diameter with a single opening of 25 mm in diameter was 
provided with a reservoir where iron nanopowder was placed [Ref. [16] Fig. 1, (14)].
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Fig. 5.7 (I) Complex obstacles. a flat obstacle 14 cm in diameter with a single opening of 25 mm 
in diameter (down) and a single opening of 25 mm in diameter (up) closed by a flat iron net (wire d 
= 0.1 mm, cell size of 0.15 mm2), b flat obstacle 14 cm in diameter with a single opening of 25 mm 
in diameter (up) and a single opening of 25 mm in diameter (down) closed with a flat iron net (wire 
d = 0.1 mm, cell size of 0.15 mm2) with a turn of Pt wire 0.3 mm in diameter. (II) High-speed 
filming of FF propagation through a obstacle 14 cm in diameter with a single opening 25 mm in 
diameter closed with a flat iron net [obstacle (1)]; b obstacle 14 cm in diameter with a single opening 
25 mm in diameter closed with a flat iron net with a turn of Pt wire 0.3 mm in diameter [obstacle 
(2)]. 15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. 600 frames/s. Initial pressure 170 Torr. The 
figure on a frame corresponds to a frame number after discharge

Iron nanoparticles, which were blown out of the reservoir through an opening with 
a gas flow at flame propagation from the left to the right, were ignited in a methane 
flame. Thus, burning iron nanoparticles visualized the gas flow during combustion. 
The combustible mixture (15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr) was 
prepared prior to experiment; CO2 was added to enhance the quality of filming 
by decreasing FF velocity; Kr was added to diminish the discharge threshold. The 
reactor was filled with the mixture to necessary pressure. Then, spark initiation was 
performed (the discharge energy was 1.5 J). Speed filming of ignition dynamics 
and FF propagation was carried out from the side of the reactor [29–31] with a 
Casio Exilim F1 Pro color high-speed digital camera (frame frequency of 600 s–1). 
Simultaneous detection of radicals CH (A1Δ − X2∏) at 431 nm [10] was carried 
out with the use of two high-speed movie cameras Casio Exilim F1 Pro, one of 
which was equipped with a 430 nm interference filter. The video file was stored in
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computer memory and its time-lapse processing was performed. The reagents were 
of chemically pure grade. 

Iron nanopowders were obtained by the method of chemical metallurgy. The 
main stages of synthesis of metallic nanopowders in this method are a synthesis of 
the hydroxides of metals by means of alkali treatment of metal salts, sedimentation 
and drying of the hydroxides, their reduction and passivation [32]. Synthesis of iron 
hydroxide was performed by the heterophaseous interaction of solid iron salt with 
the solutions containing hydroxyl groups at suppression of dissolution of solid salt 
by the reaction of FeCl3 and NH4OH. After sedimentation of iron hydroxide it was 
washed out in a Buchner funnel to pH = 7 and dried in air until dusting. The reactor 
(described elsewhere [33]) with a sample of iron hydroxide powder 1 mm thick was 
maintained in the furnace during 1 h at 400  °C  in  hydrogen flow; then it was cooled 
to 20 °C in argon flow. For passivation of the iron nanopowder, which was performed 
in the same reactor, 0.6% of O2 was added to argon stream at 20 °C. 

5.2.2 Results and Discussion 

The typical sequences of frames of high-speed filming of the flame front propagation 
through the obstacle (1) and the obstacle (2) are shown in Fig. 5.7IIa and Fig. 5.7IIb 
correspondingly. As is seen in Fig. 5.7II, the flame of the combustible mixture pene-
trates through the obstacle without Pt wire twice as fast as through the obstacle 
equipped with a Pt wire. It means that Pt under our experimental conditions has a 
noticeable suppressing influence on flame propagation even in the turbulent flow. 
The sequences of frames of speed filming of the flame propagation through complex 
obstacles (3) and (4) (obstacles a) and (b) in Fig. 5.7 I) are presented in Fig. 5.8a 
and Fig. 5.8b correspondingly. As is seen, the flame penetrates faster through the 
complex obstacle without Pt wire than through the obstacle equipped with a Pt wire. 
However, the suppressing influence of Pt under conditions of higher turbulence is 
less pronounced as compared with Fig. 5.7II. 

Fig. 5.8 High-speed filming of FF propagation through the complex obstacles consisting of a a flat  
obstacle 14 cm in diameter with a single opening 25 mm in diameter and the second flat obstacle 
with a single opening 25 mm in diameter closed with a flat iron net [obstacle (3)]; b a flat obstacle 
14 cm in diameter with a single opening 25 mm in diameter and the second flat obstacle with the 
single opening 25 mm in diameter closed with a flat iron net with a turn of Pt wire 0.2 mm in 
diameter [obstacle (4)] 0.15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. 600 frames/s. Initial 
pressure 170 Torr. The figure on a frame corresponds to frame number after discharge
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To estimate the contribution of chemical factors, the emission of CH radicals 
(A1Δ–X2∏) at 431 nm and the emission over the whole spectral interval in the 
presence of Fe nanopowder were recorded simultaneously. The sequences of frames 
obtained at flame penetration through the complex obstacle (3) in the presence of the 
Pt wire (I) and in the absence of the Pt wire (II) are shown in Fig. 5.9. 

As is seen, Fe nanopowder ignites in the flame front, so the gas flow is visualized 
only when the flame front reaches the obstacle; while the usage of illumination with 
a laser sheet allows detecting a flow from the very beginning of the process [31]. 
It is seen also that the mesh on the second obstacle does not obstruct the flow of 
iron nanoparticles. We call attention to the fact that the intensity of emission of 
CH radicals after the obstacle monotonically increases after the flame reaches the 
obstacle. 

In Fig. 5.10, the sequences of frames recorded at flame penetration through the 
complex obstacle (4) in the presence of a Pt wire (I) and in the presence of the Pt wire 
(II) are presented. The main difference in the process of flame penetration shown in 
Fig. 5.10 from that shown in Fig. 5.9 is that the emission of CH radicals practically 
passes off (frame 25); the combustible mixture ignites again at the butt-end of the 
reactor just as in case of absence of iron nanoparticles (Fig. 5.7b).

Fig. 5.9 High-speed filming of FF propagation through the complex obstacles. (I) in the presence 
of Pt wire turn, (II) in the absence of Pt wire turn. a a flat obstacle 14 cm in diameter with a single 
opening 25 mm in diameter and a reservoir with Fe nanopowder and the second flat obstacle with 
a single opening 25 mm in diameter closed with a flat iron net [obstacle (3)]; b the same complex 
obstacle, interference filter 430 nm is placed before the camera. 15.4% CH4 + 30.8% O2 + 46% 
CO2 + 7.8% Kr. 600 frames/s. Initial pressure 170 Torr. The figure on a frame corresponds to frame 
number after discharge 
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Fig. 5.10 High-speed filming of FF propagation through the complex obstacles. (I) in the presence 
of Pt wire turn, (II) in the absence of Pt wire turn. a a flat obstacle 14 cm in diameter with a single 
opening 25 mm in diameter and a reservoir with Fe nanopowder and the second flat obstacle with 
a single opening 25 mm in diameter closed with a flat iron net with a turn of Pt wire 0.3 mm in 
diameter [obstacle (4)]; b the same complex obstacle, interference filter 430 nm is placed before the 
camera. 15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr. 600 frames/s. Initial pressure 170 Torr. 
The figure on a frame corresponds to frame number after discharge 

It means that the presence of burning Fe nanoparticles does not noticeably influ-
ence on the process of methane flame penetration; however, Pt wire in the obstacle 
affects the process both in the presence and in the absence of nanoparticles. As is 
evident from Fig. 5.10b, Pt provides a strong decrease in the intensity of emission of 
CH radicals, i.e. one can assume the high rate of chain termination on the Pt surface 
in agreement with [34]. In addition, as it was shown in [35], Pt wire is coated with 
a thick surface layer of Pt oxide, which exhibits some other properties than Pt. The 
flame penetrates through the Pt containing obstacle, apparently if Pt is heated enough 
(see Fig. 5.7IIb), though the heat balance on the Pt surface in a reactive turbulent 
flow is rather difficult to calculate. We approximately illustrated the contribution of 
chemical factors (chain termination on the obstacle surface) by means of numer-
ical modeling using compressible dimensionless reactive Navier–Stokes equations 
in a low Mach number approximation [30, 36], which describe flame propagation in a 
two-dimensional channel. The equations showed a qualitative agreement with exper-
iments [5–7, 30, 31]. The solution of the problem was carried out by finite element 
analysis with the package (FlexPDE 6.08, 1996–2008 PDE Solutions Inc. [16]). The 
simple chain mechanism [30] (see also Sect. 2.5 Chap. 2 Appendix) was used. Initi-
ation condition was taken as T = 10 on the right boundary of the channel; there 
was a complex orifice in the channel. Boundary conditions (including the orifice)
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were Cξ = 0, u = 0, v = 0, ρξ = 0, nξ = 0 (Fig. 5.11a) or n = 0 only on the plain 
mesh surface (Fig. 5.10b, the second obstacle from the right), as well as a convective 
heat exchange Tt = T – T 0 where ξ is the dimensionless coordinate. The results 
of calculations of flame propagation through the orifice are shown in Fig. 5.11. As  
is seen, the results of calculations for nξ = 0 (Fig. 5.11a) and n = 0 (Fig. 5.11b) 
show that the intensive termination of active intermediate on the mesh surface (n = 
0) markedly influences on the flame penetration; namely, it causes the marked delay 
in flame penetration through the mesh in comparison with Fig. 5.11a. Therefore, 
regardless of the qualitative consideration, as well as a rather conventional modeling 
of the plain mesh, we managed to take into account the efficient action of the active 
surface on the features of the flame penetration. 

Thus, we can conclude that under certain conditions Pt catalyst can suppress 
combustion and thereby show the opposite effect due to the high efficiency of Pt 
surface coated with a Pt oxide layer in the reaction of chain termination. Therefore, 
kinetic factors could be the determining even under conditions of high turbulence.

Fig. 5.11 Results of calculation of the process of flame propagation through the complex orifice. 
a change in dimensionless concentration of active intermediate n and temperature T for flame 
propagation through a complex opening for nξ = 0 on the mesh (II type of boundary conditions); 
b change in dimensionless concentration of active intermediate n and temperature T for flame 
propagation through a complex opening for n = 0 on the mesh (type I of boundary conditions); The 
scale of dimensionless temperature is presented on the right 
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5.3 Catalytic Activity of Platinum and Palladium 
in Gaseous Reactions of Oxidation of Hydrogen 
and Methane at Low Pressures 

In nuclear power plant history, the major failures registered were Three Mile Island 
(1979), Chernobyl (1986) and Fukushima (2011). The prime reason for these disas-
ters is because of the core meltdown in boiling water reactor (BWR) [37, 38]. At 
elevated temperatures (>1200 °C), reactor fuel cladding material Zircaloy (alloy of 
> 97% Zirconium) generates hydrogen gas upon oxidation reaction with steam [39]. 
The extensive quantities of H2 and steam generated in the BWR system create high 
pressure and temperatures. This may lead to a reactor failure. Thus, the removal 
of excess amount of H2 is necessary and extensive research is conducted to over-
come the current challenge in nuclear industries. Improvement of passive catalytic 
hydrogen recombiners for the removal of hydrogen could avoid such disasters [40]. 

Further, large-scale fuel cell plants are being established for power generation 
for stationary, transportation and portable applications [41]. Often, fuel cells require 
excess amount of hydrogen to achieve stable voltage. The removal of excess hydrogen 
from the exhaust stream is required for safe operation [42]. In addition, residential 
central heating can be accomplished by hydrogen or natural gas combustion boilers 
(HCB or NGCB). However, direct hydrogen combustion in NGCB results in NOx 

emissions because of high operating temperatures. Catalytic hydrogen combustion 
boilers operate at relatively low temperatures and are able to generate heat without 
CO2 and NOx emissions [43]. For hydrogen combustion reaction, the catalysts should 
possess properties such as oxygen storage capacity and thermal stability and should 
be able to provide hydrogen oxidation without explosion (that can be attained using 
noble metals). Noble metals have high adsorption capability of hydrogen and oxygen 
at low temperatures [44]. Moreover, understanding H2 and O2 behavior on the catalyst 
surface is crucial to focus on the mechanisms of various commercialized processes 
such as preferential oxidation and H2 combustion. 

Combustion engines running on methane-rich fuels are plagued by unburned 
methane slipping into the outlet. That is present in catalytic combustors used in gas 
turbines to burn the fuel at more moderate temperatures, and to reduce NOx emissions. 
However, platinum based catalysts are not very effective with methane and only 
eliminate a small fraction of methane contained in the exhaust gases under normal 
lean burn operating conditions. Since these Pt based oxidation catalysts are not very 
efficient, Pd catalyst can provide high methane conversion [26]. Nevertheless, the 
peculiarities of catalytic action of noble metals have been under discussion. 

In [45], for thermal/catalytic ignition of 2H2 + O2 mixes, it was found that at 
pressures up to 180 Torr at 288 °C over Pd foil the catalytic activity of Pd surface is 
higher than over Pt foil. The activity of Pd foil expresses itself both in the occurrence 
of local ignition centers on the foil, from which combustion wave propagates, and 
in the dark catalytic reaction of consumption of the flammable mixture. In [46], the 
experimental value of effective activation energy of the ignition process is estimated 
as 3.5 ± 1 kcal/mol that is indicative of surface nature of the process. In this work,
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we made an estimate of the activation energy of the dark reaction. We have shown 
in [47] that under certain conditions Pd catalysts can suppress the developing flame 
propagation in diluted methane–oxygen mix due to high efficiency of Pd surfaces 
in reactions of termination of active centers of the process. Therefore, even under 
conditions of high turbulence, kinetic factors can be determining ones. 

The paragraph is aimed at establishment of specific features of oxidation of 
hydrogen and methane flame propagation over platinum and palladium at low 
pressures (70 ÷ 200 Torr). 

5.3.1 Experimental 

The experiments were performed with stoichiometric 2 H2 + O2 gas mixtures. A 
quartz reactor of 4 cm in diameter and 30 cm long heated up with an electric furnace, 
which temperature was controlled by means of a thermocouple was used. The reactor 
was supplied with a removable quartz window on its butt-end. Pd or Pt wires 0.3 mm 
in diameter, 150 mm long were placed in the reactor (Fig. 5.12 a). The pumped and 
heated reactor was filled with the gas mixture to necessary pressure. Before each 
experiment, the reactor was pumped down to 10−2 Torr. Total pressure in the reactor 
was monitored with a vacuum gauge with an indicator; its readings were recorded 
with a color digital camera Nikon 1J2. 

Flame propagation in stoichiometric mixtures of methane with oxygen diluted 
with CO2 or Kr at initial pressures in the range of 100–200 Torr and 298 K was 
investigated in the pumped out horizontally located cylindrical quartz reactor of 
70 cm in length and of 14 cm in diameter. The reactor was fixed in two stainless 
steel frames, supplied with inlets for gas injection and a safety shutter, which swung 
outward when the total pressure in the reactor exceeded 1 atm.

Fig. 5.12 a Experimental installation for the study of the dark reaction under static conditions. (1) 
quartz reactor of 4 cm in diameter and 30 cm long heated up in the electric furnace, (2) heater, 
(3) thermocouple, (4) Pd wire, (5) vacuum gauge VDG-1, (6) optical window; b Experimental 
installation for the study of initiated combustion. (1) quartz cylindrical reactor, (2) stainless steel 
gateway, (3) silicone laying, (4) stainless steel shutter, (5) spark electrodes, (6) power supply, (7) 
movie cameras Casio Exilim F1 Pro, 8- sensitive microphone “Ritmix”, (9) Pt/Pd cylinder of 4 cm 
in length inserted into a planar obstacle 14 cm in diameter, (10) interference filter 430 nm 



5.3 Catalytic Activity of Platinum and Palladium in Gaseous Reactions … 203

The obstacle was a Pt/Pd cylinder made of foil 0.3 mm thick and 40 mm in 
length inserted into a planar discus 14 cm in diameter (Fig. 5.12b). A pair of spark 
ignition electrodes was located near the left blunt end of the reactor [31]. The reactor 
was filled with the mixture up to necessary pressure. Then, spark initiation was 
performed (the discharge energy was 1.5 J). The speed filming of high speed video 
of ignition dynamics and flame front (FF) propagation was performed from the side 
of the reactor [31] by color high-speed digital cameras (frame frequency of 600 s–1). 
Simultaneous detection of radicals CH (A1Δ – X2∏) at 431 nm [31] was carried out 
by two high-speed movie cameras Casio Exilim F1 Pro, one of which was equipped 
with a 430 nm interference filter. The video file was stored in computer memory 
and its time-lapse processing was performed. The reagents were of chemically pure 
grade. The combustible mixture (15.4% CH4 + 30.8% O2 + 46% CO2 + 7.8% Kr) 
was prepared prior to experiment; CO2 was added to enhance the quality of filming 
by decreasing the flame propagation rate; Kr was added to diminish the discharge 
threshold. Chemically pure gases, 99.99% Pt and 99.85% Pd were used. 

To evaluate the temperature dependence of the dark reaction (the branched chain 
reaction of H2 oxidation below the ignition limit) the dependencies of total pressure 
of  the 2 H2 + O2 mix on time were experimentally determined in the order given 
above (Fig. 5.13 a). 

Notice that under the conditions no dark reaction in the presence of Pt wire 
instead of Pd was observed. As is seen in Fig. 5.13a, the experimental dependencies 
are practically straight lines. The dependence of tangent of the slope on temperature 
in Arrhenius coordinates is presented in Fig. 5.13 b. As is seen in Fig. 5.13, the  
dependence can be approximated by a straight line (the correlation coefficient is 
0.988). The data was processed with the use of the program package Statistica 9 
(Statsoft). 

From Fig. 5.13b, we can estimate the value of effective activation energy of the 
process E = 4.1 ± 1 kcal/mol that is characteristic of surface processes [48]. It 
should be noted that the value of activation energy is close to one determined in [46] 
for the dependence of H2 fraction at the ignition limit over Pd surface in mixtures 
with O2 on temperature in Arrhenius coordinates: 3.5 ± 1 kcal/mol. The activated

Fig. 5.13 a Dependencies of total pressure of the 2H2 + O2 mix on time in the  installation  
Fig. 5.12a), (1) 150 °C, (2) 200 °C, (3) 270 °C, (4) 300 °C; b Arrhenius plot of the dependencies a 
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(E = 16.7 kcal/mol [10]) homogeneous branching step H + O2 → O + OH is the 
slowest elementary reaction of the branching (an increase in the number of active 
centers) cycle of reactions. However, the value of effective activation energy in the 
presence of Pd is markedly reduced, thus, the branching cycle must change, e.g. at 
the expense of the additional branching step. The step can be H + HO2 → 2 OH, in 
which a relatively inactive HO2 turns into active OH, i.e. extra branching occurs (see 
Sect. 3.3 Chap. 3). As is shown in [10] after ignition, laminar combustion takes place. 
The ignition after obstacle does not occur in the immediate vicinity of the obstacle, 
the first spot of ignition is observed at a certain distance from the obstacle surface 
(Fig. 5.14Ia, frame 24, Fig. 5.14Ib–d, frame 22), in good agreement with [31]. When 
the flame passes the obstacle, one can observe both flame penetration through the 
obstacle in case of Pt and Pd cylinders of 25 mm in diameter as well as Pt cylinder 
of 20 mm in diameter and a quenching effect at the smaller diameter (20 mm) of Pd 
cylinder, resulting in the extinction of a flame behind the orifice. It means that the 
critical diameter of the Pd cylinder exists, being between 20 and 25 mm.

The influence of obstacles can be expressed in the double way. On one hand, 
the flame interaction with obstacle can cause the development of flame instability, 
promoting its acceleration. On the other hand, the contact of a flame with the obstacle 
surface can lead to an increase in the contribution of heterogeneous reactions, in 
particular chain termination [49] as well as to an increase in heat losses. In our 
experiments, the obstacles differ by material. The rate of dark reaction even of fast 
H2 oxidation on Pd surface (see Fig. 5.13) is too small to achieve noticeable degree 
of conversion for the time interval (1/600 s, see Fig. 5.14a–d) of flame penetration 
through the cylinder. It means that the rate of chain termination determines the occur-
rence of the critical diameter. Thus, the efficiency of Pd surface in chain termination 
reaction is much greater than that of Pt in agreement with [47]. 

It should be noted that under conditions of counter flames (the initiated ignition 
is carried out simultaneously from both sides of the obstacle, in our experiment 
at a different distance from the obstacle, Fig. 5.15) the critical diameter becomes 
markedly smaller: the flame penetrates through a Pd cylinder 20 mm in diameter. 
As is seen in the Figure, the boundaries of counter flame fronts interpenetrate each 
other. This means that gas dynamic factors are also important and these should be 
taken into consideration.

We approximately estimated the contribution of chemical factors (chain termi-
nation on noble metal surface) by numerical modeling on the basis of compressible 
dimensionless reactive Navier– Stokes equations in low Mach number approxima-
tion [36], which describes flame propagation in a two-dimensional channel. The 
equations showed a qualitative agreement with the experiments [31]. The problem 
was solved by a finite element analysis (FlexPDE 6.08 package [16]). The simple 
chain mechanism [31] was used. Initiation condition was taken as T = 10 on the right 
boundary of the channel; there was a complex orifice in the channel. Boundary condi-
tions (including the orifice) were Cξ = 0, u = 0, v = 0, ρξ = 0, nξ = 0 and n = 0 only 
on the inner obstacle surface (this modeled the inner surface of noble metal cylinder), 
as well as a convective heat exchange T t = T – T 0, where ξ is the dimensionless 
coordinate. The results of calculations showed that the intensive termination of active
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Fig. 5.14 (I) High-speed filming of FF propagation through (a) Pt cylinder 25 mm in diameter, (b) 
Pt cylinder 20 mm in diameter, (c) Pt cylinder 20 mm in diameter, filming through the interference 
filter 430 nm, (d) Pd cylinder 25 mm in diameter and (e) Pd cylinder 20 mm in diameter. Initial 
pressure, 170 Torr. The figure on a frame corresponds to a frame number after discharge; (II) Results 
of the calculation of flame propagation through a single opening. Change in (a) dimensionless 
temperature, (b) active intermediate n for nξ = 0 (boundary conditions of type I) in the opening, 
and (c) active intermediate n for n = 0 (boundary conditions of type II). The scales of temperature 
T and dimensionless active intermediate n are presented on the right

Fig. 5.15 a High-speed filming of counter flame propagation through the Pd cylinder 20 mm in 
diameter and b results of the numerical modeling of the change in dimensionless temperature for n = 
0 (boundary conditions of type II). Initial pressure, 180 Torr. The figure on each frame corresponds 
to a frame number after discharge
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intermediate on the inner obstacle surface (n = 0, Fig. 5.14c) markedly influences 
the flame penetration, namely, prevents flame penetration through the opening in 
comparison with the case of nξ = 0 (Fig. 5.14a, b). Hence, regardless of the qualita-
tive consideration, we managed to illustrate the efficient action of the active surface 
on the features of the flame penetration. 

Thus, Pd catalyst may suppress combustion as compared with Pt under certain 
conditions and thereby shows the effect opposite to catalytic one due to the high 
efficiency of Pd surface in the reaction of chain termination. Therefore, kinetic factors 
can be determining ones even under conditions of turbulence. 

We shortly summarize the results. 
The value of effective activation energy of the dark reaction over Pd is estimated 

as E = 4.1 ± 1 kcal/mol that is characteristic of surface processes. The values 
are close to one determined for the dependence of H2 fraction at the ignition limit 
over Pd surface in mixtures with O2 on temperature: 3.5 ± 1 kcal/mol. Under the 
conditions, no dark reaction in the presence of Pt wire instead of Pd was observed. 

It was shown that the rate of chain termination determines the value of the critical 
diameter in flame penetration through Pt/Pd cylinders; the efficiency of Pd surface 
in chain termination reaction is much greater than that of Pt. 

5.4 Conclusions 

The peculiarities of propagation of a flame front of the diluted methane-oxygen 
mixture in the volumes of complex geometry in the laboratory scale installation 
were established. It was shown that a flame propagation process in a conditional 
room containing an indoor space with two openings and a flammable material inside 
shows a wide variety of combustion modes depending on the geometry of this 
complex volume, therefore, the preliminary numerical calculation of the expected 
flame propagation patterns may not always be successful. Thus, a real experiment 
under laboratory conditions, assuming the possibility of scaling the process, seems 
to be the most informative one. 

The investigation into Pt behavior in the flame of methane combustion under 
conditions of turbulent flow was performed. We revealed that under certain conditions 
Pt catalyst can suppress combustion and thereby show the opposite effect due to 
the high efficiency of Pt surface coated with a Pt oxide layer in the reaction of 
chain termination. Therefore, kinetic factors could be determining ones even under 
conditions of turbulence. 

Specific features of oxidation of hydrogen and methane over platinum and palla-
dium at low pressures (70–200 Torr) were established. The value of effective activa-
tion energy of the dark reaction over Pd is evaluated as E = 4.1 ± 1 kcal/mol that 
is characteristic of a surface process. Under our conditions, no dark reaction on Pt 
wire was observed. It was shown that the rate of chain termination determines the 
value of the critical diameter for flame penetration through Pt or Pd cylinders; the 
efficiency of Pd surface in chain termination reaction is much greater than that of Pt.
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Conclusions 

A cellular combustion regime of 40% H2–air mixture in the presence of a Pt wire over 
the interval 270–350 °C was observed for the first time. It is shown that the regime 
is caused by the catalytic action of Pt containing particles formed by decomposition 
of volatile platinum oxide in the gas phase. 

It was shown that the temperature of the initiated ignition at 40 Torr over heated 
Pd foil is ~ 100 °C lower than over Pt foil. Even the minimum temperature value 
(623 °C) is sufficient to ignite a 2H2 + O2 mixture; i.e., the influence of a catalytic 
H2 + O2 reaction over the noble metals is negligible in case of initiated ignition. 
The presence of water vapor prevents ignition. For thermal ignition at 180 Torr and 
288 °C over Pd foil the catalytic activity of the surface is higher than that over Pt foil. 
The activity of Pd foil reveals itself in both the occurrence of local ignition centers 
on the foil, from which combustion wave propagates; and the dark catalytic reaction 
of consumption of the flammable mixture. 

It was shown that in the reaction of hydrogen combustion metallic Pt acts as a 
heat source similar to e.g. a tungsten wire heated by an external source. However, in 
the case under investigation, Pt is heated with an internal source, namely a surface 
catalytic reaction. It must be also taken into account that the composition of the 
surface layer changes during ignitions from Pt oxide (PtO2) to another composition, 
exhibiting properties different from PtO2. 

Hydrogen and deuterium combustion over Rh, Ru, Pd and Pt wires at total pres-
sures up to 200 Torr and initial temperatures up to 500 °C was investigated in 
order both to establish the dependencies of catalytic ignition limits over noble metal 
surfaces on temperature and to indicate the governing factors of the problem of gas 
ignition by a catalytic surface. It was revealed that Rh, Ru and Pd surfaces treated 
with 2H2 + O2 ignitions show the defects in the form of openings, which are located 
on etching patterns; the etching substances are active intermediates of H2 oxidation. 
It was found that before ignition catalytic wire is not heated up uniformly; initial 
centers of the ignition occur. It was shown that Rh is the most effective catalyst of 
2H2 + O2 ignition, the lowest ignition temperature over Rh coated Pd wire (Rh/Pd)
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was 210 °C, for Ru/Pd and Pd—300 °C, for Pt wire—410 °C at total pressures 
less than 200 Torr. The hysteresis phenomenon is observed over Ru/Pd, Pt and Pd 
wires; namely the ignition limit value measured over the wire, which is not treated 
with ignitions (a procedure of increasing temperature from a state of no ignition), 
is higher than the value measured with a procedure of decreasing temperature from 
a state of catalytic ignition. It was shown that Rh is the most effective catalyst of 
2D2 + O2 ignition, in this case the lowest ignition temperature over Rh coated Pd 
wire (Rh/Pd) was 100 °C. It is more accurate to speak about ignition over noble 
metals hydrides/deuterides; thus, the lowest ignition limit of 2D2 + O2 over rhodium 
deuteride was 100 °C; thus, D2 is more flammable than H2 over Rh and Pd. The 
obtained results indicate the existence of a “kinetic inverse isotope effect”, which 
affects the reactivity of MeH and MeD, where Me = Rh, Pd. 

It was shown that the initiation of the thermal ignition process is always deter-
mined by the presence of reactive centers on the surface, the properties of which are 
determined by both surface defects having an excess of free energy and their catalytic 
properties; the ignition process includes stages of warming-up, local ignition, and 
flame propagation. The chemical activity of various sites of surface changes from one 
ignition to another. The basic feature of ignition process lies in the fact that ignition 
occurs at separate sites of surface at a uniform temperature of the reactor surface. 
Therefore, combustion originates on the surface of the reactor even under conditions 
of almost homogeneous warming up of a flammable gas mixture. It was found that 
the qualitative model based on the reactive compressible Navier–Stokes equations 
allows obtaining both the mode of the emergence of primary ignition centers on the 
wire followed by a local ignition, and the mode of a dark catalytic reaction of the 
consumption of the initial reagent. 

It was shown experimentally that the ignition temperature of the 40% H2 + air 
mixture over metallic Pd (70 °C, 1 atm) is ~ 200 °C lower than over the Pt surface 
(260 °C, 1 atm). In addition, Pd wire initiates the ignition of the (30–60% H2 + 70– 
40% CH4)stoich + air mixtures; Pt wire of the same size cannot ignite these mixtures 
at reactor temperatures below 450 °C. This means that Pd wire is more effective in 
initiation of ignition than Pt wire. The cellular structure of the flame front during 
ignition in the presence of Pd wire was not observed in contrast to the results obtained 
on the Pt surface. Therefore, Pd is more suitable than Pt for hydrogen recombiners 
in nuclear power plants because the catalytic particles do not appear in the gas 
phase. The experimental value of the effective activation energy of the process was 
estimated at (3.5 ± 1) kcal/mol, which is characteristic of surface processes. This 
indicates the significant role of the dark reaction of H2 and O2 consumption on the 
Pd surface observed directly at low pressures. The presence of this reaction reduces 
the probability of accidental explosion compared to the Pt surface. It was found that 
in the presence of leucosapphire, there was no system of emission bands of H2O* 
in the range 570–650 nm, and a possible explanation of this effect was given. The 
appearance of an additional source of excited water molecules emitting in the range 
900–970 nm was explained. 

It was experimentally shown that the temperature of the catalytic ignition limit 
over Pd at P = 1.75 atm, measured with a bottom-up approach by temperature, of
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the mixtures 30% methane + 70% hydrogen + air (θ = 0.9, T = 317 °C), and 30% 
propane + 70% H2 + air (θ = 1, T = 106 °C) markedly drops after subsequent 
ignitions to T = 270 °C for H2–CH4 mix and to T = 32 °C for the H2–C3H8 blend. 
Equivalence ratio θ is a fraction of fuel in the mix with air: θH2 + 0.5 (O2 + 3.76 
N2)). The ignition limit returns to the initial value after treatment of the reactor with 
O2 or the air; i.e., a hysteresis phenomenon occurs. The ignition limit of the mixtures 
30% (C2, C4, C5, C6) + 70% H2 + air (θ = 0.6, 1.1, 1.2, 1.2, correspondingly) over 
Pd amounts to 25–35 °C at P = 1.75 atm; the hysteresis effect is missing. It was found 
that the lean 30% C2H6 + 70% H2 + air mix (θ = 0.6) shows the lowest temperature 
of the ignition limit: 24 °C at 1 atm. The estimate of the effective activation energy 
of the ignition of the mixes over Pd is ~ 2.4 ± 1 kcal/mol that is characteristic of 
a surface process. Thus, the usage of Pd catalyst allows igniting H2–hydrocarbon 
mixtures at 1–2 atm at initial room temperature without external energy sources. It 
was shown experimentally that the ignition temperature of the 40% H2 + air mixture 
over metallic Pd (70 °C, 1 atm) was ~ 200 °C lower than over the Pt surface (260 °C, 
1 atm). In Addition, Pd wire initiates the ignition of the (30–60% H2 + 70–40% 
CH4)stoich + air mixtures; Pt wire of the same size cannot ignite these mixtures at 
reactor temperatures below 450 °C. This means that Pd wire is more effective in 
initiation of ignition than Pt wire. 

It was found that the ignition temperatures of hydrogen–oxygen and hydrogen– 
methane–oxygen mixes at low pressure over heated Pd, Pt, Nichrome and Kanthal 
wires at 40 Torr increase with a decrease in H2 concentration; only a heated Pd wire 
shows the pronounced catalytic action. Numerical calculations allowed revealing the 
role of an additional branching step H + HO2 → 2OH. 

The peculiarities of ignition of premixed stoichiometric n-pentane-air mixtures 
were studied in a rapid mixture injection static reactor in the presence of metallic Pt 
and Pd in the region of negative temperature coefficient (NTC). It is shown that in 
the absence of noble metals thermoacoustic oscillations occur within NTC region. 
However, in the presence of Pt catalyst surface, which reacts with oxygen at the flame 
temperature and generates catalytic centers propagating into volume, thermoacoustic 
regimes of thermal ignition disappear. In other words, the catalytic Pt surface elimi-
nates a certain inhibition stage of kinetic mechanism after the occurrence of the cool 
flame and NTC phenomenon vanishes; the stage may be e.g. the decomposition of 
some intermediate slow reacting peroxide on Pt surface with the formation of a more 
reactive radical. In the presence of the catalytic surface (Pd), which does not react 
at the flame temperature and does not generate catalytic centers propagating into 
volume, NTC phenomenon occurs. 

Thus, the detected regularities must be taken into account in numerical simulations 
of NTC phenomenon. In other words, the oscillations and NTC phenomenon must 
both disappear in calculations after excluding a certain reaction or a series of reaction 
steps from the mechanism. The step must include the superficial reaction of an active 
intermediate of combustion on Pt surface, in which more active intermediates are 
formed from a low-active one. 

It was found that the ignition delay (induction) period during the combustion of 
(70–40% hydrogen + 30–60% propane) + air mixtures over palladium at a total
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pressure of 1–2 atm first decreases with a decrease in temperature and then increases 
until the ignition limit is reached, i.e., the NTC phenomenon occurs. The effective 
activation energy E of the process is 2.2 ± 1 kcal mol–1 that is characteristic of a 
surface process. Therefore, the NTC phenomenon detected in this work is closely 
related to the surface state of Pd. In the sample treated with ignitions, defects in the 
form of holes were found, which are focused on the etching patterns. In this process, 
PdO particles are formed during the oxidation of the Pd surface and decompose 
to Pd and O2 at the temperature of flame products. Thus, Pd is consumed in the 
chemical etching reaction with active combustion intermediates. It should limit the 
applicability of palladium in ignition devices. 

It was shown that, at total pressures up to 200 Torr, the catalytic ignition areas over 
the Rh and Pd surfaces are larger for 2H2 + O2 mixtures than for (H2 + CH4)stoich 
+ O2 and (H2 + C4H8)stoich + O2 mixtures; the mixtures containing more than 
50% hydrocarbons do not ignite. This behavior is directly related to the formation 
of a carbon-containing film on the noble metal surface. The fuel in the mixtures 
is consumed in a dark reaction. In the case of the synthesis of carbon nanotubes 
by this method, the noble metal plays both, the role of a catalyst for the growth of 
nanostructures and a heating element; for this, the presence of hydrogen and oxygen 
in the gas mixture is necessary. It has been shown that the dark reaction in the (80% 
H2 + 20% C4H8)stoich + O2 mixture leads to the formation of carbon nanotubes with 
a mean diameter in the range of 10–100 nm. 

It was shown that in the reactor treated with ignitions, the ignition temperature 
of the mixture 70% H2 + 30% methane with air over rhodium surface is 62 °C. The 
result indicates the potential of using rhodium catalyst to markedly lower the ignition 
temperature of the fuels based on hydrogen-methane mixtures. 

The critical condition for volume reaction is revealed: the volume process occurs 
at 45% H2, but it is missing at ≤ 40% H2. If H2 ≤ 40%, only a slow surface reaction 
occurs; this phenomenon is qualitatively described by our earlier calculations. It was 
revealed that the effective activation energies both of “upper” and “lower” limits 
of H2 + methane oxidation over the range of linearity are roughly equal (2.5 ± 
0.6) kcal/mol−1; it means that the key reactions, responsible for the occurrence of 
“upper” and “lower” ignition limits are almost certainly the same. It was shown that 
for Rh/Pd catalyst, the chain development process has most likely heterogeneous 
nature because the effective activation energy is < 3 kcal/mol. 

Rh has been found to be a more effective catalyst than Pd for the studied combus-
tion processes. The effective activation energies of catalytic ignition depend not only 
on the nature of the catalyst but also on the chemical nature of the hydrocarbon 
in the mixture. Thus, catalytic ignition is initiated by exothermic surface ignition of 
hydrogen oxidation reaction in the presence of a catalyst, hydrocarbon on the surface 
is consumed in reactions involving hydrogen oxidation intermediates that do not lead 
to branching of chains, then the combustion propagates into volume. It was found 
that in the reactor not treated with ignition, the ignition temperature of the mixture 
of 70% H2 + 30% methane-air above the Pd surface at a pressure of 1.75 atm is 
310 °C, and above the Rh surface—105 °C. In the ignition-treated reactor, the igni-
tion temperature of this mixture above the Pd surface at a pressure of 1.75 atm is
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270 °C and above the Rh surface is 62 °C. The obtained result indicates the prospect 
of using a rhodium catalyst for lowering the ignition temperature of methane and 
hydrogen based fuels. 

It was shown that under conditions of our experiments not the chemical nature of 
the catalyst but that of C2 hydrocarbon in the mix with H2 is the determining factor of 
catalytic ignition. The catalytic ignition limits of synthesis gas over Rh/Pd are qual-
itatively different from the dependencies for combustible hydrogen-hydrocarbon: 
the “lower” catalytic limit dependence has a distinct maximum, which indicates 
a more complex mechanism of the catalytic process; Arrhenius dependence of ln 
[H2]lim on 1/T could not be applied. Therefore, the interpretation of the “upper” and 
“lower” limits of catalytic ignition given in the literature should be clarified. The 
relatively long delay periods of catalytic ignition of hydrogen—n-pentane mixes 
(tens of seconds) and the absence of the dependence of the periods on the initial 
temperature allow us to conclude that the catalytic ignition of hydrogen—n-pentane 
mixes is determined by the transfer of hydrocarbon molecules to the surface of the 
catalytic wire. Thus, in the oxidation of hydrogen-hydrocarbon blends for “short” 
hydrocarbons, the main factor determining catalytic ignition is the oxidation reaction 
of hydrogen on the catalytic surface. With an increase in the number of carbon atoms 
in the hydrocarbon, the factors associated with the chemical structure, that is, the 
reactivity of the hydrocarbon in catalytic oxidation, begin to play a significant role; 
and then the oxidation rate is already determined by the processes of transfer of the 
hydrocarbon molecules to the catalyst surface. 

It was shown that the ignition limits of 2H2 + O2 and (80% H2 + 20% CH4)stoich 
+ O2 mixes over Pt wire do not depend on the applied voltage without discharge up 
to 1200 V. It was shown that in combustion of (80% H2 + 20% CH4)stoich + O2 mixes 
the application of an electric field (1200 V) leads to disappearance of Pt containing 
particles formed by decomposition of volatile platinum oxide in gas phase from the 
reaction volume, which indicates that these particles are charged. This may be due to 
a chemiionization phenomenon observed in the combustion of hydrocarbons. Is was 
shown that in combustion of (80% H2 + 20% CH4)stoich + O2 mix carbon nanotubes 
practically do not form as distinct from combustion of (H2 + C4H8)stoich + O2 mix. 

It was found that an exemplary flame propagation process in a conditional room 
containing an indoor space with two openings and a flammable material inside shows 
a wide variety of combustion modes depending on the geometry of this complex 
volume. The preliminary numerical calculation of the expected flame propagation 
patterns may not always be successful. Thus, a real experiment under laboratory 
conditions, assuming the possibility of scaling the process, seems to be the most 
informative one. 

It was shown that under certain conditions Pt catalyst can suppress combustion 
and thereby show the opposite effect due to the high efficiency of Pt surface coated 
with a Pt oxide layer in the reaction of chain termination. Therefore, kinetic factors 
could be the determining ones even under conditions of high turbulence. 

The value of effective activation energy of the dark reaction of H2 oxidation over 
Pd is evaluated as E = 4.1 ± 1 kcal/mol that is characteristic of a surface process. The 
value is close to one determined in the literature for the dependence on temperature
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of the H2 fraction at the ignition limit over Pd surface in mixtures with O2: 3.5  ± 
1 kcal/mol. It was shown that the rate of chain termination determines the value of 
the critical diameter for flame penetration through Pt or Pd cylinders; the efficiency 
of Pd surface in chain termination reaction is much greater than that of Pt. Therefore, 
the action of noble metals on the processes of hydrocarbons oxidation is an effective 
tool to identify important reaction sets in their kinetic mechanisms.
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