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A B S T R A C T   

The ignition of lean hydrogen-air mixtures behind reflected shock waves at the temperature range of 902–1630 K 
and the pressure of 1 atm is studied experimentally and numerically. For the first time, reliable experimental data 
is obtained for temperatures below 1000 K, directly in the zone of change in the dominance of chain branching 
and chain termination reactions, which influence the formation of the ignition delay value. Expressions are 
formulated for ignition delay in two temperature intervals below and above 970–980 K, and the corresponding 
activation energy values are determined. Good agreement between the experimentally observed and calculated 
ignition delay values is demonstrated. The local sensitivity analysis allowed us to reduce the kinetic mechanism.   

1. Introduction 

The high proportion of electrical energy generated by nuclear power 
plants (NPP) requires increased safety requirements for nuclear reactors 
in the context of natural and man-made disasters. When developing new 
methods for increasing fire and explosion safety at water-cooled nuclear 
power plants and related design solutions, one of the most relevant 
challenges is predicting the autoignition and combustion of lean and 
ultra-lean hydrogen-air mixtures [1–4]. The events that unfolded at 
Chernobyl and Fukushima Daiichi demonstrated that one of the causes 
of the accidents was the formation of molecular hydrogen [5,6]. The 
exceedance of concentration limits for autoignition and flame propa
gation in the hydrogen-air mixture led to an uncontrolled explosive ef
fect, which resulted in the destruction of the structures of NPP units. 

The most likely mode of combustion of gas mixtures within the re
gions of ignition instability is deflagration. In the deflagration mode, 
flame propagates through the mixture consisting of fuel and oxidizer due 
to heat transfer and diffusion transfer of active radicals from the reaction 
zone. It is well known that such a combustion mode is subject to 
numerous instability factors of various nature. When it develops in an 
enclosed volume, the deflagration wave can accelerate under the in
fluence of gas-dynamic processes determined by the combustion itself. 
In turn, flame acceleration leads to the formation of compression waves 
or even detonation waves resulting from the deflagration-to-detonation 

transition. As a rule, scenarios of intense flame acceleration and tran
sition to detonation are regarded as the most destructive ones [7]. All 
the consecutive stages of flame development, mechanisms and scenarios 
for the occurrence of detonation on a laboratory scale (in channels) have 
been described in recent experimental [8–12] and 
theoretical-and-calculation [13–17] studies. In [18], it was demon
strated that under the conditions of explosive ignition of a hydrogen-air 
mixture, the optimal upper limit of pressure in an enclosed volume of the 
structure of a NPP unit amounts to 6 atm. As a result, the study of 
ignition, flame propagation and the transition of combustion to deto
nation shall be objectively studied at the pressure range of 1–6 atm. With 
regard to the tasks of ensuring fire and explosion safety at nuclear power 
plants, carrying out full-scale tests for the study of combustion of 
hydrogen-air mixtures is troublesome due to the huge geometric di
mensions of the object itself, therefore, a computational experiment 
method comes to the fore. At the same time, in addition to the modelling 
of gas-dynamic processes inside the plant containment, it is important to 
correctly select and use an adequate detailed kinetic mechanism (DKM) 
or model of hydrogen oxidation in order to describe its combustion and 
detonation (including detonation cell structure) as shown in recent 
publications [19–21]. 

One of the key parameters by which detailed kinetic mechanisms are 
validated is the ignition delay time (IDT) (τ), which shall be determined 
at V = const, given the enclosed volume of NPP units. Numerous studies 
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have been devoted to the experimental determination and numerical 
description of IDT in the ignition of hydrogen-air-oxygen mixtures 
[22–37]. In the review [28], it was demonstrated that the scatter of the 
experimentally obtained ignition delay (τ) values is orders of magnitude 
in the region of T = 1000 K. The reasons for such discrepancies in 
experimental data are related to gas-dynamic effects that affect the ac
curacy of measurements [27,28,38,39], the presence of impurities [32, 
40–42], and with increasing pressure, the influence of quantum cor
rections on elementary reaction rate constants [43]. At the same time, 
the development of kinetic models of ignition and combustion of 
hydrogen-air mixtures has shown that, in general, they agree well with 
each other in the pressure range of 1–6 atm for lean mixtures, which are 
most relevant in the study of fire and explosion safety at nuclear power 
plants [2]. The greatest discrepancies between various numerical 
models presented in the literature for the ignition of hydrogen-air 
mixtures are observed in the temperature region of 930 K at the pres
sure of 1 atm and 1100 K at 6 atm [2]. Namely, in the region of these 
temperatures there is a pronounced competition between chain 
branching and chain termination reactions, which is designated as 
“cross-over” in the literature [44]. It is was found that the cross-over 
temperature that appears in the cutoff factor is smaller under fuel-rich 
conditions [45]. As pressure increases well above 6 atm, quantum ef
fects may need to be taken into account to describe experimental data 
[43]. 

Since the block of reactions with hydrogen is included as a sub- 
mechanism in the general mechanism of oxidation of any hydrocar
bon, not only kinetic mechanisms of oxidation of pure hydrogen mix
tures (mainly at high pressures) [34,36,46–51], but also the influence of 
various additives [32,52–56]] or ignition of syngas fuels [29,57–59] are 
intensively studied. However, not many publications on the ignition of 
lean hydrogen mixtures, especially at low pressures, can be found in the 
literature, one of them is [34] for H2/O2 mixtures diluted with argon 
over the temperatures from 850 K to 1500 K, the pressures from 1.2 to 
16.0 atm, and the equivalence ratios of 0.5, 1.0 and 2.0. 

It should be noted that the development of methods of quantum- 
mechanical calculations of the rate constants of elementary reactions 
gives reason to assert the role of the influence of a number of leading 
channels that determine the autoignition of hydrogen-air mixtures. 
Having carried out numerical and theoretical analysis of transition states 
of three H2+O2 initiation reactions, the authors [60] made a statement 
about the dominance of one of them. The numerical modelling of own 
experimental results allowed to confirm this statement within the limits 
of experimental errors allowed by the authors. At the same time, in [32], 
based on the description of their own experimental and literature data, 
the statement of the paper [60] was questioned. Based on recent liter
ature data on the rate constants of elementary reactions and seeking to 
improve the description of self-ignition of hydrogen-air mixtures and 
laminar flame propagation through them A. Konnov [48] not only 
replaced the rate constants of the three reactions, but also greatly 
expanded the mechanism by introducing new species that can occur 
under certain physicochemical conditions. 

To more accurately construct kinetic models of ignition of lean 
hydrogen-air mixtures, especially at relatively low temperatures (T <
1000 K), it is necessary to obtain reliable experimental data. The pur
pose of this study was to obtain a large array of experimental results on 
the self-ignition of lean (less than 10% by volume) hydrogen-air mix
tures at the widest possible temperature range and initial atmospheric 
pressure behind reflected shock waves. 

2. Experiment and simulation details 

2.1. Experimental setup 

To obtain the most reliable data, the studies were carried out 
simultaneously using two experimental setups representing shock tubes 
with an internal diameter of 50 and 76 mm, respectively. 

Fig. 1 shows characteristic measuring sections and the distances 
between them. All measuring sections, including those located at the end 
of the tubes (end wall flanges), were equipped with high-frequency 
pressure transducers manufactured by PCB Piezotronics (model 
113b24 and 113b26) with response time less than 1.5 μs and with a 1.5- 
mm spatial resolution, and ionization sensors. The reaction lumines
cence is recorded by photoelectronic multipliers or photomultiplier tube 
(PMT). The time resolution and linearity of the characteristics of ioni
zation sensors were verified by shorting to a resistance of a certain value, 
and for PMT – with the use of pulsed LED light. Time resolution for PMT 
amounted to 0.6 μs and for the ionization sensors – to 0.15 μs. Signals 
were recorded at a frequency of 10 MHz. 

In addition to the diameter, optical observation schemes for the two 
installations had some other differences. A cylindrical shock tube with 
an internal diameter of 50 mm had a length of 8.5 m. Its measuring 
section (Fig. 1a) with a square outer cross-section and the end wall 
flange were made of SO-95 transparent organic glass with a softening 
temperature of 95 ◦C. Its transmittance of UV radiation at a wavelength 
of 309 nm amounted to 20%. From the end of the tube, chem
iluminescence of the transition (A2Σ – X2Π) was recorded at a wave
length λ = 308.9 nm, which is characteristic of the excited intermediate 
radical OH*. The radiation of the reacting mixture through a Ø 2 mm 
diaphragm and a dual light filter (308 nm with a half-maximum width of 
the transmission contour of 1.4 nm) reach the PMT located at a distance 
of 200 mm from the end. Thus, the radiation was recorded from a solid 
angle of 0.244 rad (a cone with an angle of 14◦). 

The cylindrical shock tube with a diameter of 76 mm had a length of 
6.5 m. The tube flange was made of SO-95 organic glass with a softening 
temperature of 95 ◦C. Its transmittance of UV radiation at a wavelength 
of 309 nm amounted to 20%. The light from the reacting mixture 
(Fig. 1b) was collected from the volume of the measuring section using a 
lens with a focal length of 500 mm made of KU-1 glass. Focusing was 
accomplished by constructing an image of a sharp line contour on a 
luminous background located at a distance of 6.8 m (13.6 * F) from the 
lens. The light was focused on the PMT diaphragm. The distance from 
the centre of the lens to the PMT diaphragm was 490 mm. The PMT 
diaphragm had a diameter of 2 mm. In the infinity focusing approxi
mation, the light was collected from a solid angle of 1.26*10− 5 rad (a 
cone with an angle of 0.23◦) with a one-sided divergence of 2 mm/m. 
Next, a light filter was installed on the PMT. A narrow-band light filter 
309BP1.5 No. 210898 (Omega, USA) with a centre of 309 nm and a half- 
maximum width of the transmission contour of 1.5 nm was used. 

The ignition of ultra-poor hydrogen-air mixtures (φ = 0.15 and φ =
0.25, where φ is the equivalence ratio) behind a reflected shock wave 
was studied. The mixtures were prepared in advance in separate cylin
ders using a manometric method and kept for at least 24 h before use. 
Helium was used as a pushing gas in the high-pressure chambers of the 
shock tubes. Immediately before the experiments, the low-pressure 
chambers of the shock tubes were vacuumed to a residual pressure of 
no more than 100 Pa, then flushed with the mixture under study and 
vacuumed again. 

The studied mixtures and test conditions are given in Table 1. 
The main measurement uncertainties were associated with several 

factors. The first one is impurities in gases and uncontrolled external air 
leakage into shock tube during test preparation time. Commercial grade 
hydrogen, oxygen and nitrogen of 99.99% chemical purity were used for 
mixtures preparations. The rate of leakage into the tube during test 
preparation time was no more than several tens of Pa. Combined, this 
resulted in a mixture composition error no more than 0.1–0.2 %. The 
second one is an uncertainty in incident shock-wave velocity measure
ments at different locations along the tube, related with pressure sensors 
spatial resolution (1.5 mm), distances between sensors at the measuring 
bases (70–100 mm) and sampling frequency of the recording equipment 
(1–5 MHz). Usually, this can result in a 0.5–1.0 % error in incident 
shock-wave velocity measurements, which produces no more than 1–2 
% errors in calculated parameters of temperature, pressure and density 
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of the mixture behind reflected shock waves. 

2.2. Ignition delay time measurements 

Self-ignition of the gas mixture under study and measurement of the 
induction time occurred behind the shock wave reflected from the end of 
the measuring section. All experiments were performed at a constant 
density behind the reflected shock wave in order to obtain the correct 
temperature dependence of the induction time on the activation energy 
of the mixture and the concentrations of fuel and oxidizer. This means 
that the concentrations of hydrogen, oxygen and nitrogen behind the 
reflected shock wave were maintained almost constant during the in
duction period in each section of the shock tube for the entire temper
ature range under study. 

Fig. 2 Demonstrate typical end-wall pressure and luminescence 

histories from both experimental facilities. The time of arrival of the 
incident shock wave at the end reflecting flange determined from the 
oscillogram of the pressure sensor mounted in the flange was taken as 
the “zero count” of time when determining the ignition delay. 

The velocity of the incident shock wave was determined by the time 
of its arrival at the corresponding measuring section, by analyzing the 
pressure profiles. Gas parameters behind incident and reflected shock 
waves were determined on the basis of incident shock wave velocity 
measurements from the 1D shock relations assuming vibrational equi
librium, frozen chemistry and known temperature dependence of heat 
capacity. The detailed description and calculation procedure can be 
found in Supplementary materials # 1. 

The luminescence induction times were determined as follows. Since 
the radiation was collected from the entire volume of the tube, the final 
glow signal was integral over time; the glow from each subsequent 
volume of the reacting mixture (tube cross-section) was superimposed 
and summed with the previous one. Due to the low luminosity of the 
recorded reaction, which is also associated with the low value of the 
equivalence ratio of the mixtures under study, the recorded signals of 
the photomultiplier were very noisy, which introduced a significant 
error in the results of measuring the ignition delay directly, for example, 
from the beginning of growth or from the peak of the original signal. To 
more accurately measure the ignition delay, the following procedure 
was used. Initially, the original signals were smoothed using the fast 
Fourier transform. In doing so, filters were used that effectively let 
through the frequency spectrum of the signal below a certain frequency 
and suppressed signal frequencies above the same frequency. For each 
signal, the indicated cut-off frequencies were selected individually, 
depending on the type of specific signal and the respective signal-to- 
noise ratio. After smoothing the original signal, the first derivative 
was calculated using the differentiation function. To determine the self- 

Fig. 1. Measuring sections of a shock tube with a diameter of 50 mm (a) and 76 mm (b). Numbers 1–4 represent measuring sections with ionization (I) sensors and 
pressure (P) transducers, stands for photomultiplier tube with a diaphragm and dual narrow-band filters (L). 

Table 1 
Experimental conditions.  

φ, 
equivalence 
ratio 

Mixture Internal 
diameter of 
the tube, d, 
mm 

Pressure 
behind the 
reflected 
shock wave 
P, MPa 

Temperature 
behind the 
reflected shock 
wave Т, К 

0.15 5.93% 
H2+19.76% 
O2+74.31% 
N2 

50 0.102 ±
0.013 

940–1553 

76 0.099 ±
0.006 

902–1630 

0.25 9.5% H2+19% 
O2+71.5% N2 

50 0.103 ±
0.008 

929–1544 

76 0.101 ±
0.009 

904–1563  

Fig. 2. Typical end -wall pressure (black lines) and luminescence (red lines) of electronically exited OH* radical recorded in experiments.  
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ignition time, the first minimum/maximum value was marked on the 
graph of the differentiated signal. Fig. 3 shows typical oscillograms of 
the glow signals recorded in the experiment and the results of their 
processing in the manner described above. In the case of an integrated 
signal recorded from the end of the shock tube, the maximum glow in 
the cross section corresponds to the point of maximum growth of the 
integrated signal. 

2.3. Simulation details 

All calculations were carried out using the CHEMKIN-PRO software 
product included in the ANSYS package (Academic version) [61]. The 
choice of the DKMs used was determined by the following factors. Since 
the experiments recorded the emission signal of the electronically 
excited radical OH*, only DKMs containing blocks of reactions involving 
this particle were considered. Moreover, since in general at this tem
perature and pressure range, lean hydrogen-air mixtures are described 
by the majority of DKMs with fairly similar results, three DKMs devel
oped by different groups of researchers were selected [29,32,48]. All of 
them have been tested, and they demonstrated good agreement with 
experimental data. For all calculations, thermal files in the NASA stan
dard [62] were used, which were supplemented to each of the DKMs 
used. The ignition delay (τ) values were determined under the condition 
of V = const at the time point corresponding to the maximum lumi
nescence (peak) of the OH* radical. 

3. Results 

Fig. 4 shows the resulting dependences of ignition delay on the in
verse temperature for lean (φ = 0.15 and φ = 0.25) hydrogen-air mix
tures at the temperature range of 902–1630 K and the pressure behind 
the reflected wave of 1 atm. Detailed data can be found in Supplemen
tary materials # 2. The results obtained for the two experimental setups 
are presented. It is clearly seen that the measurement results at different 
installations coincide with each other, which indicates the high quality 
and reliability of the experimental data obtained, correctly chosen 
methodology for conducting the tests and processing experimental data. 
It should be noted that in this study, in fact, it was possible to obtain the 
ignition delay (τ) values below 1000 K for lean hydrogen-air mixtures 
for the first time. In the temperature range of 902–1400 K, the agree
ment on ignition delays is almost perfect. Noteworthy is only a slight 
difference in the data in the region of high (more than 1400 K) tem
peratures and, as a consequence, the shortest values of ignition delay. 
This fact requires separate consideration; a possible reason lies in the 
influence of gas-dynamic effects, which are more pronounced and 
manifest themselves in one of the experimental setups. 

The presented data for the studied mixtures can be conditionally 

divided into two groups, each of which is well approximated by a linear 
dependence. The border line between such data groups is the tempera
ture region of approximately 970–980 K, which corresponds to an area 
close to the cross-over zone in a laminar flame propagating in a 
hydrogen-air mixture under normal initial conditions [44]. The 
following dependencies were obtained: 

for a mixture with φ = 0.15 (see Fig. 4a):  

at T > 980 K                                                                                        

Lg (τ)= − 1.01+ 3.19
(

1000
T

)

, in which

case E = 61.1   

at T < 980 K                                                                                        

Lg (τ)= − 10.74+ 12.71
(

1000
T

)

,E = 243.4  

for a mixture with φ = 0.25 (see Fig. 4b):  

at T > 970K                                                                                         

Lg (τ)= − 1.06+ 3.19
(

1000
T

)

,E= 61.1   

at T < 970K                                                                                         

Lg (τ)= − 12.96+ 14.86
(

1000
T

)

,E = 284.5  

where: 

τ – ignition delay time (μs) 
T – temperature of the gas behind the reflected shock wave (K), 
E − activation energy ( KJ

mole). 

Fig. 5 shows a comparison of experimental and simulation results for 
the selected and above-mentioned DKMs. It can be seen that all the ki
netic mechanisms used describe the experimental results qualitatively 
very well. As for the quantitative agreement, the calculation results are 
close to each other and demonstrate good (within 0.3–0.4 order of 
magnitude) agreement with the experimental data. It should be noted 
that in the region of the lowest (below 950 K) and highest (above 1500 
K) temperatures, the mechanism described in [48] performs at its best. 
In the entire remaining temperature range, the results of calculations 
based on the mechanism described in [32] most closely agree with the 
experimental data. 

Fig. 3. Typical signals (oscillograms) of a photomultiplier tube recorded in the experiment and the results of their processing to determine the ignition delay time. 1 – 
original signal, 2 – signal after smoothing with the use of fast Fourier transform, 3 – smoothed signal after differentiation, 4 – position of the peak from which the 
ignition delay time was determined. Experiment 224 (a) and 264 (b), see Supplementary materials # 2. 
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4. Discussion 

Fig. 6 shows a comparison of typical profiles of the electronically 
excited intermediate radical OH*, which were recorded in the experi
ment, with the results of numerical simulation. For comparison, exper
iments with both a high temperature (1563 K) at a correspondingly short 
(less than 10 μs) ignition delay, and as well as experiments with a fairly 
low (979 K) temperature and an average (187 μs) delay were selected. 

As can be seen from Fig. 6, the shape of the simulated OH* profiles in 
the calculations based on the DKMs described in refs [29,32,48] is the 

same and closely resembles the profiles recorded in the experiment. At 
the same time, all calculated OH* curves reach their maximum later 
than the experimentally observed emission signal of electronically 
excited hydroxyl. At high temperatures, the times at which the OH* 
glow reaches its maximum for all three DKMs are quite close to each 
other (see Fig. 6b). The difference in the time to reach the OH* 
maximum according to different DKMs is more noticeable at tempera
tures below 1000 K (see Fig. 6a). Such a discrepancy in calculations 
based on different DKMs at low temperatures is due to the fact that the 
ignition delay (τ) value is highly temperature dependent (see Fig. 4 and 

Fig. 4. Ignition delay time versus inverse temperature for lean hydrogen-air mixtures at the temperature range of 902–1630 K and the pressure behind the reflected 
wave of 1 atm, φ = 0.15 (a) and φ = 0.25 (b). 

Fig. 5. Ignition delay time versus inverse temperature for lean hydrogen-air mixtures at the temperature range of 902–1630 K and the pressure behind the reflected 
wave of 1 atm, φ = 0.15 (a) and φ = 0.25 (b). Comparison of experimental results and results of simulation using detailed kinetic mechanisms from refs [29,32,48]. 

Fig. 6. Comparison of experimentally recorded profiles of the electronically excited intermediate radical OH* with the results of numerical calculations.  
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the corresponding formulas above). Such a break in the temperature 
dependence in the region of Т ⁓ 970 К corresponds to a change in 
dominance between the two main channels that determine the branched 
chain process of self-ignition of the H2/O2 mixture [44,45,63], namely, 
the chain branching reaction  

H + O2––OH + O                                                                         (R1) 

and the chain termination reaction  

H + O2 + M = HO2 + M                                                              (R2) 

The sensitivity analysis described in [ 61] demonstrated that it is 
these reactions (R1) and (R2) that make the greatest contribution to the 
formation of the ignition delay (τ) value for ultra-lean mixtures. The 
value of k1 decreases with decreasing temperature, while the value of k2 
increases. In the region of Т ⁓ 970 К, an equilibrium of sensitivity to the 
formation of the ignition delay (τ) value is observed between the re
actions of (R1) and (R2). It is the difference in the parameters of the rate 
constants of reactions (R1) and (R2) in different DKMs that predomi
nantly determines the difference in the calculated ignition delay (τ) 
values. It should be taken into account that at the pressure of 1–6 atm, 
reaction (R2) occurs in the pressure transition region and the values of k2 
are calculated in the CHEMKIN-PRO module according to J. Troe 
approximation formulas [64] with the use of limiting values of reaction 
rate constants (R2) for low (k0) and high (k∞) pressure. In different 
DKMs, not only the Arrhenius parameters of the values of k0 and k∞, but 
also the Troe parameters and Chaperon efficiencies differ. Given that 
with decreasing temperature the influence of reaction (R2) increases 
compared to (R1) [44], all these uncertainties in the mentioned pa
rameters introduce a noticeable discrepancy in the calculations of the k2 
value for different DKMs. 

To better understand the experimentally observed two groups of 
temperature dependences of τ with different activation energies up to 
970 K and above, we analyzed the local sensitivity of the main pathways 
of OH radical formation and loss. The hydroxyl radical was chosen 
because it is one of the main intermediates determining the development 
of the chain branching process that forms the ignition delay. Sensitivity 
analysis was performed using DKMs from refs [29,32]. In addition to the 
difference in the rate constants of some reactions, these mechanisms are 
distinguished by the presence of a second initiation channel with the 
formation of two OHs in [32]. The results of the sensitivity analysis are 
presented in Figs. 7–9. The vertical lines in Figs. 7–9 represent the time 
moments corresponding to the maximum of OH* emission - τ(OH*max). 
Comparing the results of sensitivity analysis by the DKMs from refs [29, 
32] one can note the difference only for high temperatures (Fig. 7). At 
low temperatures (Figs. 7 and 8), the influence of the main reactions on 
ignition delay is the same for both mechanisms. 

Fig. 7а shows the local sensitivity of the main OH formation reactions 

for high temperature, much higher than 970 K. It can be seen that the 
main contribution is made by reaction (R1). In addition to it, the 
following reactions make a noticeable contribution to the rate of growth 
of OH concentration  

H2 + O––H + OH                                                                         (R3)  

H2 + OH––H2O + H                                                                     (R4) 

The effects of reactions (R1), (R3), and (R4) on the reduction of τ are 
simbate and reach their respective maxima at the same time point. At the 
same time, the reaction  

OH + OH––H2O + O                                                                    (R5) 

which increases the ignition delay, reaches its maximum influence 
somewhat later, namely when the influence of reactions (R1), (R3), and 
(R4) decreases significantly. Note the very weak influence of the reac
tion (R2), which first increases the value of τ and then actually with the 
same weight leads to its decrease. In this case, the maximum influence of 
reaction (R2) on the increase of τ coincides in time with the moment of 
the maximum influence of reactions (R1), (R3), and (R4). The time 
moment of maximum OH* luminescence for the conditions of Fig. 6b 
corresponds to the value τ(OH*max) = 14.9 μs (Fig. 7а), which according 
to Fig. 7a corresponds to the actual attenuation of chemical trans
formations under these conditions. All reactions, with the exception of 
(R4), reverse their effect on the formation of the OH radical, and 
consequently τ, with a significant decrease in the corresponding values. 
At the same time, the moments of inversion of the influence of reactions 
(R1) and (R3) occur later than those of (R2) and (R5), but also earlier 
than the time τ(OH*max) in all four cases. Overall, Fig. 7a shows that the 
magnitude of the τ value at relatively high temperatures is determined 
by reactions (R1), (R3), and (R4). 

Simulation using the DKM from ref [29] (Fig. 7b) demonstrate that 
the influence of reactions R1 - R5 is the same as by the DKM from ref 
[32] (Fig. 7a). At the same time, the influence of the reaction, which is 
the only one in the DKM from ref [29] is noticeable  

H2 + O2––H + НO2                                                                      (R6) 

Reaction R6 behaves symbate with reactions (R1), (R3), and (R4), the 
sensitivity to which is similar to the calculations [32] (Fig. 7a). In 
addition to the appearance of R6, a weak sensitivity to recombination 
reactions with OH formation is noticeable  

O + H + M = OH + M                                                                 (R7) 

and its decline  

O + OH + M = H2O + M                                                             (R8) 

Fig. 7. Analysis of the local sensitivity of the main pathways of the formation and consumption of OH radicals during the combustion of a lean hydrogen-air mixture 
by the DKMs from refs [32] (a) and [29] (b). The experimental conditions are specified in the caption of Fig. 6b. 
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With decreasing temperature, the relative influence of reactions (R3) – 
(R5) on the formation of τ value decreases, and (R2) increases (Fig. 8). 
This leads to the fact that in the region of temperature 970 K, the in
fluence of reactions (R4) and (R5) is not observed at all. The influence of 
reactions (R6) - (R8) in the calculations [29] also disappears. Fig. 8 
shows that the times of reaching the maximum influence of reactions 
(R1) – (R3) actually coincide. The value τ(OH*max), in contrast to Fig. 7, 
is reached before the reaction influence inversions occur. In contrast to 
the results of Fig. 7, the time moments of the influence inversions of the 
reactions (R1) – (R3) in Fig. 8 are close. 

At transition to the region T < 970 K, the influence of reaction (R3) is 
completely absent and the whole process of τ value formation is deter
mined mainly by the competition of reactions (R1) and (R2) (Fig. 9). In 
this region, one can see the complete symmetry of the influence of these 
two reactions, which is not the case at temperatures above 970 K (Figs. 7 
and 8). At the same time, the calculations using DKMs from refs [32] and 
[29] show identical effects of (R1) and (R2). In this case, the value 
τ(OH*max) it is reached, as in the case of Fig. 8, earlier than the in
versions of the influence of reactions (R1) and (R2) occur. 

Sensitivity analysis according to Figs. 6–8 showed that at T < 970 K, 
the autoignition activation energy is formed by the competition of re
actions (R1) and (R2) only. As the temperature increases above 970 K, 
the influence of reaction R2 decreases, and the self-ignition activation 
energy is determined by reactions (R1), (R3), and (R4). These results 
support the statements presented in detail in [44]. 

The local sensitivity analysis shows that for the DKMs from refs [29, 
32], no influence of reactions involving H2O2 is detected in the whole 
investigated temperature range. The negligible influence of H2O2 for a 

number of cases was also pointed out in [44]. This result leads to the 
desire to perform a reduction of DKMs from refs [29,32] by excluding 
H2O2 and the corresponding reactions involving it in the description of 
the induction period of ignition of lean and ultra-lean hydrogen-air 
mixtures. The procedure carried out in this way showed that for DKM 
from ref [32] it is quite justified for T > 920 K (see Table 2). The re
actions R7, R8 and the recombination reaction of H atoms were also 
excluded. As a result, the DKM from ref [32] consisting of 21 reactions 
and 8 species (excluding OH* and reactions involving them) was 
reduced to a kinetic mechanism with 9 reactions with 7 components. In 
the case of DKM from ref [29], the exclusion of reactions involving H2O2 
leads to bad result. Considering that DKM from ref [29] has only one 

Fig. 8. Analysis of the local sensitivity of the main pathways of the formation and consumption of OH radicals during the combustion of a lean hydrogen-air mixture 
by the DKMs from refs [32] (a) and [29] (b). The experimental conditions are specified in the caption of Fig. 6a. 

Fig. 9. Analysis of the local sensitivity of the main pathways of the formation and consumption of OH radicals during the combustion of a lean hydrogen-air mixture 
by the DKMs from refs [32] (a) and [29] (b). The conditions are: P = 1.03 atm, T = 929 K, φ = 025. 

Table 2 
Comparison of τ(OH*max) calculated with the DKM from ref [32] and reduced 
kinetic mechanism (9 reactions with 7 species).   

φ = 0.15 φ = 0.25 

T, K DKM Reduced DKM Reduced 

880 0.36 1.2 0.3 0.7 
900 0.09 0.23 0.07 0.14 
920 6.2e-3 7.3e-3 4.2e-3 4.9e-3 
940 8.1e-4 7.9e-4 6.3e-4 6.2e-4 
960 4.6e-4 4.5e-4 3.6e-4 3.5e-4 
980 3.2e-4 3.1e-4 2.6e-4 2.5e-4 
1000 2.5e-4 2.4e-4 2.0e-4 2.0e-4 
1100 1.1e-4 1.1e-4 8.8e-5 8.9e-5 
1200 6.4e-5 6.4e-5 5.2e-5 5.3e-5 
1400 3.1e-5 3.1e-5 2.5e-5 2.6e-5 
1700 1.5e-5 1.5e-5 1.2e-5 1.3e-5  
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initiation reaction R6 it can be said that the presence of a second initi
ation reaction with the formation of two OH radicals can replace re
actions involving H2O2 in DKMs for lean hydrogen-air mixtures at initial 
atmospheric pressure. 

5. Conclusion 

In the presented study, it was possible to experimentally obtain 
reliable ignition delay (τ) values for lean (5.93% and 9.5% by volume) 
hydrogen-air mixtures in the temperature range of 902–1630 K at an 
initial pressure of 1 atm behind the reflected shock waves. Highly sen
sitive end-face technique for recording OH* emission in two shock tubes 
was used. Additionally, for the first-time data was obtained for a tem
perature range below 1000 K directly in the zone of changing influence 
of channels (R1) and (R2) on the formation of the ignition delay (τ) 
value. This made it possible to formulate approximation expressions for 
the calculation of ignition delay (τ) values in two temperature ranges 
below and above the temperature region as 970–980 K. For the studied 
mixtures in each interval, the corresponding values of activation energy 
were determined, which amount to 61.1 KJ

mole in the region of high (more 
than 970–980 K) temperatures and 243 − 284 KJ

mole in the region of low 
(less than 970–980 K) temperatures. Numerical modelling of OH* sig
nals was performed using three different independent DKMs described 
in the literature, and good agreement between the experimentally 
observed and calculated ignition delay (τ) values was demonstrated. The 
sensitivity analysis allowed us to show that self-ignition of lean and 
ultra-lean hydrogen-air mixtures can be described by a reduced kinetic 
mechanism in the absence of reactions involving H2O2, but in the 
presence of an initiation reaction with the formation of two OH radicals. 
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