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Abstract: This paper presents the results of measurements of ignition delay times in hydrogen–
oxygen mixtures highly diluted with argon. The experiments were carried out behind an incident
shock wave at temperatures from 870 to 2500 K, pressures from 0.5 to 1.5 atm, and equivalence
ratios from 0.1 to 2.0. The results obtained were processed in terms of the partial pressure of the
combustible mixture stoichiometric part that is consumed in the combustion process. An almost
linear dependence of the ignition delay time on the reciprocal value of the partial pressure was found
for both rich and lean mixtures. The measured data are compared with calculations based on the
previously developed kinetic model and experimental data from other authors.

Keywords: hydrogen–oxygen mixture; combustion; shock tube; ignition delay time; incident
shock wave

1. Introduction

Hydrogen plays an important role among gaseous fuels and is the most efficient and
pollution-free type of fuel [1]. Hydrogen power engineering is currently considered one of
the most promising industries, including road transport, aviation, and various domestic
energy needs [2]. On the other hand, the chemistry of hydrogen combustion is an integral
part of various kinetic mechanisms of hydrocarbon combustion at all stages of the oxidation
process, which makes it the subject of further research [3].

Despite the large number of works previously performed by various authors, studies
on the combustion of hydrogen and its mixtures with other types of fuel are currently
continued. In particular, numerical analysis of various scenarios of the ignition in the
intermediate temperature region and their influence on the induction time is given by
Kiverin et al. [4]. Explosive characteristics of inhomogeneous hydrogen–air mixtures with
turbulent mixing were analyzed in experiments on measuring ignition delay times at
various equivalence factors [5]. Lyu et al. [6] evaluated the effectiveness of the pressure
ratio equivalent method in experiments that analyze hydrogen leakage ignition applied to
the problem of hydrogen storage and transportation. Böttler et al. [7] developed a novel
model based on the flamelet approach, which was used to study the ignition of premixed
H2/Air mixtures under stoichiometric conditions. Villenave et al. [8] presented the results
of an experimental study of the lean H2/Air mixture ignition in a rapid compression
machine at low temperatures and high pressures, which are essential under conditions
of fuel combustion in an internal combustion engine. In connection with the ongoing
work on the creation of a pulse detonation engine, studies are carried out to determine
the characteristics of supersonic hydrogen–air flows in the combustion chamber of such
engines [9].

The ignition delay time is the essential parameter that describes the combustion
process. This parameter in the high-temperature range (T ≥ 1000 K) is measured in
experiments on shock tubes [10]. It should be noted that the bulk of research to determine
the ignition delay time was carried out on shock tubes in the regime behind the reflected
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shock wave [11–16]. The determination of this characteristic of the ignition process for a
hydrogen–oxygen mixture in experiments behind the incident shock wave was carried
out by Pavlov and Shatalov [17]. In this work, a series of additional measurements were
carried out, which makes it possible to expand the existing database of experimental data
and to improve process understanding.

2. Experimental Procedure

The experimental study of the ignition process in the H2/O2 mixture diluted with Ar
was carried out on a single-diaphragm shock tube with an internal diameter of 57 mm.
The facility diagram and the pumping and filling systems for tube sections, as well as the
corresponding measuring equipment, are shown in Figure 1. The driver section of the
facility with a length of 1 m is filled with He. The driven section is filled with a combustible
mixture and is separated from the driver section by a copper diaphragm with calibrated
notches and has a length of 4.5 m. The diaphragm rupture initiates the formation of a shock
wave that propagates along the driven section and heats the combustible mixture to the
ignition temperature. The component composition of the initial mixture was determined
using the partial pressure method. The gas dynamic parameters of the flow behind the
incident shock wave front were estimated using the GASEQ program [18].
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Figure 1. Diagram of the shock facility.

The determination of the shock wave velocity VSW, and the gas pressure p profile
behind the shock wave was carried out using piezoelectric sensors located along the surface
of the driven section. The resonance frequency for piezoelectric sensors is more than
500 kHz. The moment of arrival of the shock wave in measuring section A was also
recorded by the pressure sensor. The mixture ignition was recorded by the optical system
consisting of the spectrograph, the PMT-100 photomultiplier, and the Agilent 54624A
oscilloscope.

Figure 2 shows a typical oscillogram of signals from the piezoelectric sensor located in
measuring section A and the optical system. The optical system records the emission of
an electronically excited OH* radical, which is generated at the wavelength λ = 306.8 nm
as a result of the A2Σ+ → X2Π transition. These data were obtained for the ignition
of a stoichiometric mixture diluted with argon (Ar = 95%) at the shock wave velocity
VWS = 1.04 km/s, gas temperature T = 1176 K, and pressure p = 0.74 atm behind the shock
wave. It can be seen that the emission starts in τl = 150 µs after the registration of the
pressure jump, and the maximum level is reached after τl,max = 170 µs.
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The optical system in experiments on the combustible mixture ignition behind an
incident shock does not follow the evolution of chemical processes in any one physically
infinitesimal volume of gas but registers changes in state in various volumes moving with
the gas flow [19]. Therefore, the value of τl presents the laboratory ignition delay time. To
obtain the real ignition delay time τ, the laboratory ignition delay time must be multiplied
by the ratio of gas densities after and before the wavefront. The ignition delay time τ
afterward was determined by the value τl, max, i.e., by the moment when the emission
intensity of the OH* radical reaches the maximum level. This was accepted due to the fact
that the computer program used in further calculations fixes precisely this parameter that
characterizes the ignition of the mixture.

3. Numerical Modeling

The numerical modeling of the H2/O2/Ar mixture ignition was carried out using
the detailed kinetic model proposed in Ref. [20]. The model is based on an analysis of
the available information on the rate constants of elementary reactions as applied to the
combustion of hydrogen–oxygen mixtures [21–26]. The rate constants of reverse reactions
as well as thermal effects were calculated using the well-known database of thermodynamic
data [27]. Calculations were carried out using the CHEMKIN software package [28] under
conditions of an adiabatic process at constant pressure.

The use of the emission of OH* radicals to determine the ignition delay time τ is
explained by the fact that they are formed at an early stage of the ignition process. Since
these radicals are absent in the kinetic model used for calculations, the ignition delay time
was taken to be the time when the product of the concentrations of O and H atoms reaches
its maximum value. As shown by Hall and Petersen [29], O and H atoms are the main
components leading to the formation of the OH* radical.

4. Results and Discussion

The ignition delay times τ were measured behind the front of the incident shock wave
at gas temperatures T = 870 ÷ 2500 K and pressures p = 0.5 ÷ 1.5 atm. The degree of the
hydrogen–oxygen mixture dilution with argon varied from 89 to 97%. The equivalence
ratio φ varied from 0.1 (fuel-lean mixture) to 2.0 (fuel-rich mixture). Some measurement
results are shown in Figure 3. Experimental data were obtained at pressures behind the
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shock wave of the order of 1 atm. The lines show the results of numerical simulations
under the corresponding experimental conditions.
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An analysis of Figure 3 shows that the value of τ at temperatures T > 1000 K does not
greatly depend on the equivalent ratio φ. In particular, experimental points with Ar = 95%
and φ = 2 (blue squares) are located in close proximity to experimental points with φ = 0.1
(green squares). In other words, both fuel-rich and fuel-lean mixtures have approximately
the same dependences τ = τ(T) at the same argon content in the mixture. Contrariwise,
the value of τ increases greatly with increasing argon concentration. This is illustrated
by the experimental points obtained at Ar = 92% (black squares) and Ar = 97% (red
squares), which differ in absolute value by approximately half an order of magnitude. The
numerical simulation of the ignition process reproduces the behavior of experimental points
quite well.

The calculated curves τ = τ(T) upon transition to the low-temperature range
(T < 1000 K) cease to correctly describe the experimentally measured values of τ, as can
be seen in Figure 3. Volumetric self-ignition of the mixture in this temperature range can
be considered as its rapid local heating in the turbulent boundary layer behind the shock
wave with the formation of a flame and its propagation inside the shock tube. The time of
the deflagration process in this case can be taken as the induction time. As estimates show,
this time increases with decreasing temperature much more slowly than the self-ignition
time and better describes experimental data in the low-temperature range [30]. A detailed
study of this process was carried out in Ref. [31].

A comparison of the results of measuring the ignition delay time τ obtained in this
work with the experimental data of other authors is shown in Figures 4 and 5, where
the lines represent the results of a numerical simulation using the detailed kinetic model
proposed in ref. [20]. As can be seen in Figure 4, the data of Hu et al. [15], obtained under
the same conditions as the data in this work, agree quite well with each other and with the
calculated curve. At a given concentration of argon in the mixture (Ar = 92%), the results
of numerical modeling describe the experimental points not only in the high-temperature
range but also in the low-temperature range down to a temperature of T = 850 K.
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A comparison of the results of this work with the data obtained by Ryu et al. [32] is
shown in Figure 5. It is clear that at the same argon content in the mixture (Ar = 95%), the
experimental data coincide with each other and with the calculated curve. When the argon
concentration increases to 97.5%, an increase in the value of τ is observed. This may be
explained by the reduced efficiency of Ar as a third particle in the trimolecular chemical
reaction initiating the ignition of a combustible mixture, which is several times lower than
the corresponding efficiency of H2 and O2 molecules [20]. The effect of increasing the value
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of τ with an increasing concentration of Ar in the mixture was also noted in the analysis of
the results shown in Figure 3.

The measurement of the ignition delay time τ was carried out in this work at the
gas pressure of the order of 1 atm, and in different experiments, it could vary from 0.5 to
1.5 atm. The results of measurements carried out at other pressures show that the value of τ
strongly depends on the gas pressure p, and in the high-temperature range, an almost linear
dependence of τ on (1/p) is observed for identical mixtures [13]. On the other hand, the
value of τ also depends on the mixture composition, including both the equivalence ratio φ
and the degree of dilution with argon, as can be seen in the analysis of the experimental
data shown in Figure 3.

The initial stage of combustion of the H2/O2 mixture diluted with argon can be
considered as the ignition of only its stoichiometric part. In this case, excess hydrogen in
a fuel-rich mixture or excess oxygen in a fuel-lean mixture will act simultaneously with
argon as a neutral diluent. In this regard, it can be assumed that the ignition delay time τ in
the high-temperature region depends linearly on the reciprocal value of the partial pressure
pS of the stoichiometric part of the combustible mixture. In other words, there must be a
dependence: τpS = τpS(T). A comparison of the values of τpS measured in this work for
mixtures with the same values of the equivalence ratio φ, but with different degrees of
dilution with argon and at different pressures, confirms this dependence. To determine
the partial pressure pS, it is necessary to isolate the stoichiometric part of the mixture and
multiply its mole fraction by the gas pressure p behind the shock wave front. In particular,
the mole fraction of the stoichiometric part for a mixture of 4%H2 + 4%O2 + 92% Ar is equal
to 0.06. In this case, the value of pS is equal to 0.12 atm at a gas pressure p = 2 atm.

The use of the τpS value to analyze the experimental data obtained in this work made
it possible to identify the main regularities of the ignition process for combustible mixtures
of different compositions. The results of measuring the ignition delay time are shown
in Figure 3 and recalculated to the value τpS, which is shown in Figure 6. One can see
that the experimental points, presented in the form of the dependence τpS = τpS(T), are
concentrated along two approximation curves. The first group of points corresponds to
fuel-rich mixtures and mixtures close to a stoichiometric one, for which the temperature
dependence of τpS is practically independent of the mixture composition and satisfies the
Arrhenius law with activation energy E = 6960 K. The deviation of the τpS value from the
approximation curve in the temperature range T = 1000 ÷ 2500 K is in the order of 15–20%,
which is within the scattering of experimental points.

The second group of points corresponds to fuel-lean mixtures that are characterized by
a high oxygen content. The τpS values for these mixtures are 2–5 times lower than similar
values measured in mixtures with excess fuel. In this case, the temperature dependence
of τpS also obeys the Arrhenius law with activation energy E = 5720 K. This behavior of
the τpS value can be explained by referring to elementary reactions that describe the initial
stage of hydrogen–oxygen mixture ignition [20]. Chain initiation in the chain ignition
mechanism at T ~ 1000 K is determined mainly by the reaction H2 + O2 = H + HO2, which
generates hydrogen atoms for the chain branching reaction H + O2 = O + OH. The rate of
the latter is proportional to the concentration of O2. This leads to an acceleration of the
ignition process as the O2/H2 ratio increases.

The transition zone between two approximation curves is in the range of equivalent
ratio values φ from 0.2 to 0.5. This is clear in Figure 7, which shows the change in τpS
depending on φ, measured at T = 1200 K and p ~ 1 atm. An increase in the value of φ
in the above range leads to an increase in τpS by approximately five times. At higher
temperatures, the dependence of τpS on excess oxygen begins to decrease, which can be
explained by a significant increase in the rate constants of other initiating reactions. These
primarily include dissociation reactions of the molecular components of the mixture.
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Similar behavior of the value τpS as a function of the equivalent ratio φ is also observed
for experimental data obtained by other authors. In particular, data from Ref. [32] and
Ref. [33], recalculated for the dependence of τpS on temperature, are shown in Figure 8.
In the first case, measurements were carried out in a fuel-rich mixture (φ = 2.0) with
Ar = 97.5% and p ≈ 1 atm. One can see that the experimental points are located near the
approximation curve for fuel-rich mixtures in the temperature range from 1070 to 2140 K.
In the second case, measurements were fulfilled in a fuel-lean mixture (φ = 0.125) with
Ar = 95% and p ≈ 0.5 atm. Here, one can also observe the concentration of experimental
points near the corresponding approximation curve.
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Analysis of the detailed kinetic model [20], which is used in this work for the numerical
study of the ignition process, shows that the reaction H + O2 = O + OH leading to chain
branching is dominant at high temperatures and low pressures. This reaction at low
temperatures and high pressures becomes less important than the competing reaction
H + O2 + M = HO2 + M, which leads to chain termination. Therefore, the ignition delay
time of the mixture in the low-temperature region increases sharply with increasing gas
pressure. This can be seen in Figure 9, where the dependence of the value τ on the pressure
p is shown. The lines represent the results of numerical simulation of the mixture ignition
process under corresponding experimental conditions, which reproduce the measurement
data quite well.
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Data on ignition delay times obtained in ref. [13] and recalculated to the dependence
of τpS on temperature are shown in Figure 10. It can be seen that the linear dependence of
the value of log(τpS) on the inverse temperature, which describes the experimental data
in the high-temperature range, is sharply violated with increasing pressure. In the case
under consideration, the deviation from the approximation curve begins at T = 1050 K for
p = 4 atm and at T = 1180 K for p = 16 atm. Thus, the use of the concept of partial pressure
of the stoichiometric part of a combustible mixture is a convenient tool for describing
the dependence of τ on T in the high-temperature region for H2/O2/Ar mixtures of
various compositions.
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It is worth noting some limitations associated with measuring τ behind the front of
the incident shock wave at low temperatures. An increase in the value of τ with a decrease
in the temperature can lead to a situation when the combustible mixture does not have
time to ignite by the time the contact surface separating the driver and test gas arrives at
the measuring section A. This is clearly seen in Figure 11, which shows the dependences
of τ and the time of the contact surface arrival to the measuring section τcont on the gas
temperature. The measurements were carried out for a fuel-rich mixture with φ = 2 and
Ar = 95% at T = 900 ÷ 2400 K and p = 0.7 ÷ 1.5 atm. The contact surface in the experiments
was identified by the moment of termination of molecular oxygen radiation absorption
in the Schumann–Runge band with the wavelength λ = 220 nm. Analysis of Figure 11
shows that at T ≈ 1000 K and below, ignition of the mixture occurs near the contact surface.
This reduces the reliability of the experimental data obtained. Therefore, it seems more
appropriate to measure the ignition delay time at low temperatures in the reflected shock
wave mode.
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5. Conclusions

The ignition delay times τ in H2/O2/Ar mixtures were measured behind the front of
the incident shock wave at T = 870 ÷ 2500 K, p = 0.5 ÷ 1.5 atm, φ = 0.1 ÷ 2.0, and degrees of
argon dilution from 89 to 97%. Numerical modeling was fulfilled using the detailed kinetic
model developed previously.

Analysis of the obtained data made it possible to give an analytical description of
the dependence of the measured values of τ on temperature using the concept of partial
pressure of the stoichiometric part of the combustible mixture. The use of this concept is a
convenient tool for describing the ignition process in the high-temperature range. In the low-
temperature range, a sharp deviation of the experimental points from the approximation
curve is observed, and this deviation shifts to the region of higher temperatures with
increasing gas pressure.

The ignition delay time measured behind the front of the incident shock wave can
have a large error in the low-temperature range due to the simultaneous occurrence of the
ignition process and the arrival of the contact surface between the driver and test gas into
the measuring section. In this case, it is apparently more correct to perform measurements
in the reflected shock wave mode.
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