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Abstract
The chemiluminescence originating from OH*, the excited hydroxyl radical, is one of the
most extensively used diagnostics to characterize auto-ignition delay time of gaseous mixtures
behind reflected shock waves. We have carried out new experiments and modeling of this
diagnostic as well as analyzed previous results for hydrogen-based mixtures, including H2-O2,
H2O2-H2O, H2-N2O and H2-O2-N2O. The experiments were analyzed with a detailed chemical
reaction model which included mechanisms for OH* creation, quenching, and emission.
Simulations of the reaction behind reflected shock waves were used to predict OH* emission
profiles and compare this with measured results as well as profiles of temperature and the
ground state concentrations of OH. Analysis of OH* rates of progress demonstrates that a
quasi-steady state approximation is applicable and an algebraic model for OH* concentrations
can be derived that relates emission to the product of concentrations of O and H for H2-O2 and
H2O2 mixtures and an additional contribution by the product of H and N2O when N2O is an
oxidizer.
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Introduction
Over the past 60 years, the shock-tube technique has been extensively used in high
temperature chemical kinetics [1], notably for the determination of fundamental parameters
such as auto-ignition delay-time [1,2]. Auto-ignition delay-time is a very important parameter
to characterize the high-temperature behaviour of fuel-oxidant mixtures with applications to
propulsion, car engine and industrial safety, among others [1]. A widely-used diagnostic to
measure delay-times behind reflected shock wave is based on the chemiluminescence near
306 nm, corresponding to the (A2Σ+-X2Π) transition of excited OH radicals, OH* [2-4]. A
number of studies [4-10] have been performed to determine the rate constants of the reactions
producing and consuming OH*. Ibraguimova et al. [11] and Smekhov et al. [12] reviewed the
rate constants involving excited species in hydrogen-oxygen mixtures. The OH* reaction
mechanism includes formation processes, the most significant of which is considered to be
H+O+M=OH*+M, collision quenching with other species, and one radiative de-excitation
process with a decay time of 0.7 s. The excitation of OH radical through vibrational energy
transfer during collisions is usually neglected. Because OH* is present in very low
concentrations and does not play a significant role in combustion chemistry, it is omitted from
most detailed reaction models [13-17] Recently, Hall et al. [2] systematically compared
experimental OH* emission features (or profiles) and characteristic ignition times with
simulation results involving both the ground-state and the excited OH radicals. They
concluded that for many hydrocarbon-oxygen-argon mixtures, a sub-mechanism describing
OH* chemistry should be included for greater consistency when modeling OH* based
experimental data.
The purposes of the present study are to extend the study of Hall to other oxidizers and
hydrogen-based mixtures including H2-O2-Ar, H2O2-H2O-Ar and H2-N2O(-O2)-Ar mixtures.
We have carried out shock tube experiments and modeling of OH* emission with chemical
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reaction models appropriate for these mixtures. The results were first compared to the
existing data and model results on the H2-O2-Ar system before examining mixtures with H2O2
and N2O.

Materials and Methods
Mixtures preparation
All gases were of research grade (Air Liquide). A hydrogen peroxide-water solution (70%
H2O2–30% H2O by mass) was used to prepare the H2O2-H2O-Ar mixtures. The partial
pressure method was used to prepare the mixtures in a stainless-steel vessel or in a glass
vessel for H2O2 based mixtures. Homogeneity of the mixtures was obtained by active mixing
for several hours. The mixture compositions and the experimental conditions are summarized
in Table 1.
Experimental apparatus
Two shock-tubes were employed to perform the experiments. A glass shock-tube (Orléans)
was used for the H2O2-H2O-Ar mixtures, to prevent adsorption and premature decomposition
of H2O2. This tube (i.d. 50mm) has a 2m long driver section and a test section about 9m long.
The second shock-tube (Caltech) is composed of three parts separated by two diaphragms and
is made of stainless steel. The driver section and the driven section are 6.19 and 11.28m long,
respectively, (i.d. 15.24cm). The test section is 2.44m long (i.d. 7.62cm). A 2.03m long (i.d.
7.62cm) cookie-cutter is used to transmit the shock wave from the driven to the test section,
avoiding perturbation of the incident shock wave. The driver gas was helium. The test
sections of the two shock-tubes were equipped with several diagnostic instruments located
close to the end wall: four piezoelectric pressure transducers, mounted flush with the inside
wall, for shock velocity measurements (uncertainty below 2%), and a calcium fluoride or
quartz optical window mounted at 10 mm from the tube end, associated with, a narrow slit or
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an optical fiber, a 306 nm band-pass filter and a photomultiplier. Depending on the mixture,
different definitions were employed for the auto-ignition delay-time. These were onset for the
onset of emission (intersection of the tangent to (dOH*/dt)max with the zero emission line),
and 50% and 100% for the time to reach 50% and 100% of the OH emission peak, respectively.
Table 1 gives the definition used for each mixture studied. Uncertainty for the delay-time is
on the order of 20% except for H2O2-H2O-Ar for which it is around 30% because of the very
low signal intensity.
Chemical kinetic scheme
The detailed reaction model presently used is that of Mével et al. [3,18]. The sub-mechanism
for OH* radical chemistry was taken from Hall et al. [2,4,5] and Hidaka et al. [6,7] studies. A
few modifications were made concerning H2O2 related chemistry as described in Pichon [19].
Briefly, the rate constants of the reactions H2O2+OH=HO2+H2O, HO2+OH=H2O+O2,
HO2+HO2=H2O2+O2, were adjusted within the uncertainty limits given by Kappel et al. [20].
Also, the H2O2(+M)=2OH(+M) decomposition reaction was replaced by individual reactions
with specific rate constants for each of the following collision partners: H2, H2O2, Ar and
H2O. These rate constants were taken from [21-23]. The reaction model (see supplemental
material) was validated with respect to a wide range of experimental data including shocktube data for H2-O2 and H2-N2O mixtures [24].The modeling of the experimental results was
performed with SENKIN [25] using the constant volume reactor model. Sensitivity, rate of
production and energy release rate analyses were performed using this code. The energy
release rates per reaction, corresponding to the reaction enthalpy multiplied by the net
reaction rate, are referred to as “energy profiles” in the figures.
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Results and discussion
Experimental results for H2-O2-Ar, H2O2-H2O-Ar and H2-N2O(-O2)-Ar mixtures are presented
along with the model predictions for each type of mixture

Comparisons are given for five

additional reaction models in the supplemental material.
Hydrogen-oxygen mixtures
Figures 1 and 2 compare the time to emission onset of several H2-O2-Ar mixtures obtained
experimentally and the onset times obtained from calculated OH* or OH concentration
profiles. Both the data from the present study (Fig. 1) and data from Petersen et al. [26] (Fig.
2) demonstrate the consistency between the experimental emission onset and calculated
concentration onset times for either species.
Figure 3 compares the experimental emission profile and the calculated OH* and OH
concentration profiles as well as the rates of production, ROP, profiles for those two species
in Mixture 2. Unlike what was found by Hall et al. for hydrocarbon-oxygen mixtures [2], the
emission profile is matched very well up to its maximum by both OH* and OH radical
profiles. However, the decay period is much better reproduced by the OH* profile. This is due
to the very fast quenching of the excited radical compared to the slower consumption of the
ground-state radical. The production of OH* is only due to H+O+M=OH*+M whereas the
OH formation is driven by the two O+H2=OH+H and H+O2=OH+O branching reactions.
Because the precursors of OH* and OH radicals are the same, H and O for instance, their
respective temporal profiles are strongly correlated with each other. The lower probability of
the trimolecular process forming OH* compared to the branching process forming OH,
accounts for the ratio XOH/XOH*=106. From this reaction pathway analysis, the dynamics of
OH* in H2-O2 mixtures can be described by the following reduced scheme:
R1: H+O+M=OH*+M
R2: OH*+M=>OH+M
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R3: OH*=>OH+h
Applying the quasi-steady-state-approximation (QSSA) to OH* leads to
_

Comparisons between the [OH*]Full_Model and [OH*]Steady_State demonstrate very good
agreement as seen in the supplemental material (Fig S5). This indicates that in the present
experiments, OH* emission temporal dependence is primarily a function of the H and O
concentration time dependence and OH* quenching processes serve to primarily determine
the peak amplitude of emission.

The influence of ground state OH arises through the

coupling to the chain branching processes that couple the O, H and OH concentrations.
Figure 4 shows the temperature and temperature gradient profiles as well as the rates of
energy production per reaction. The time at which the emission peaks, around 100 µs,
corresponds closely to the time to the maximum of the temperature gradient profile. The main
reaction responsible for energy release is OH+H2=H2O+H whereas the hydroperoxide radical
decomposition reaction is the main reaction absorbing energy.
Hydrogen peroxide-water vapour mixtures
The experimental 50% and 100% times (Fig. 5 and 6) and the times derived from the computed
OH* profiles have a mean difference of 38% which is on the same order as the experimental
uncertainty, 30%. The times are usually underestimated (by 15 µs on average), especially for
mixture 7 with an argon dilution of 99.5%. The effective activation energy observed
experimentally is reproduced within 20% by the model. Contrary to observations on H2-O2-Ar
mixtures, the profile of the ground-state OH radicals is uncorrelated with that of OH* and
OH delay-times as much as two orders of magnitude smaller than those of OH*.
Figure 7 displays the experimental emission profile and the calculated OH* and OH profiles
as well as the ROP profiles for those two species. As previously mentioned, the emission
intensity was very low for the H2O2-H2O-Ar mixtures, which explains the low signal-to-noise
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ratio. The calculated OH* concentrations are typically at least 100 times lower than in an
equivalent H2-O2-Ar mixture. The calculated OH* concentration profile is in reasonable
agreement with the experimental emission profile up to 150 s. The ground state OH reaches
a peak much earlier and it decays much faster than OH*. As in the H2-O2-Ar mixtures, excited
OH radicals are formed by the H+O+M=OH*+M reaction. They are mainly consumed
through collisional quenching by water.
The respective time scales of OH and OH* radicals are very different (Figure 7) and contrary
to what is observed for the H2-O2-Ar mixtures, the OH appears first and rapidly decays,
followed by the appearance of OH* which decays much more slowly. This is because OH is
the direct decomposition product of H2O2 and not until OH is consumed by reactions with
HO2 and H2O2 are H, O, and OH* then formed later in time. In this system, it is therefore
essential to include a sub-mechanism describing OH* chemistry to properly utilize OH*
emission profile as a diagnostic. Calculations performed for H2-H2O2-H2O-Ar cases indicate
that this is also the case in that mixture (See supplemental material Figures S1 and S2). The
QSSA analysis given above for H2-O2 mixtures also applies to H2O2 mixtures (see
supplemental material Fig S6).
Figure 8 presents the temperature and temperature gradient profiles along with the rates of
energy production per reaction. Although the initial conditions were the same as those
displayed in Figure 7, the range of the time scale was reduced to 20 µs. The time to the peak
of the temperature gradient profile agrees with the time to the OH radical peak. Unlike the H2O2-Ar mixtures, the OH* emission profile is not well correlated with the energy release
profile. After an initial period of temperature drop due to the endothermic decomposition of
H2O2, energy is released by the two HO2+OH=H2O+O2 and H2O2+OH=H2O+HO2 reactions.
Hydrogen-nitrous oxide(-oxygen) mixtures
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The experimental 50% times of H2-N2O-Ar and H2-N2O-O2-Ar mixtures are compared in Fig.
9 to delay times calculated from OH* and OH concentration profiles. Data from the present
tests as well as from the literature [3,27] are considered. For hydrogen-nitrous oxide mixtures,
the predictions of the reaction model are relatively satisfactory using OH* profiles and the
average error is 22%. The ground-state OH concentration significantly (up to 78% in 50%)
lags the OH* concentration. For H2-O2-N2O-Ar mixtures, the OH* emission delay-times are
slightly underestimated; the mean error in the prediction is 17% using the computed OH*
profiles. The OH and OH* profiles are well correlated for H2-O2-N2O-Ar mixtures
The delay-times for H2-O2-N2O-Ar mixtures are much shorter, up to 4 times than those
measured for H2-N2O-Ar mixtures, in the lower temperature range and the effective activation
energy is almost two times lower. The ignition process in H2-N2O-Ar mixtures essentially
proceeds through a linear sequence: N2O(+M)=N2+O(+M); O+H2=OH+H; N2O+H=N2+OH;
OH+H2=H2O+H. The reaction runaway is driven by the very exothermic N2O+H=N2+OH
reaction. In H2-O2-N2O-Ar mixtures, in addition to this linear process, the classical
O+H2=OH+H and H+O2=OH+O branching process occurs, which increases the overall
reaction rate and decreases the reaction time.
Figure 10 shows the experimental emission profile and the calculated OH* and OH profiles as
well as the ROP profiles for those two species. The emission profile is in good agreement
with the calculated OH* profile up to 100 s and the decay rate is also reasonably well
matched. The onsets of OH and OH* are temporally coherent since both species originate
from the reaction between N2O and H. However, OH radicals are immediately consumed by
reacting with H2 so that their relative production rate is slower than that of OH*. In H2-O2N2O-Ar mixtures (See supplemental material Figure S3), the N2O+H=N2+OH* reaction does
not contribute significantly to OH* production. The primary path for OH formation is
N2O+H=N2+OH. However, unlike the H2-N2O-Ar mixtures, the consumption of OH by
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reaction with H2 is counterbalanced by the branching process, so that OH* and OH profiles
appear coherent in time as in H2-O2-Ar mixtures. In order to perform a QSSA for these
mixtures, the reaction R4: N2O+H=N2+OH* has to be included in the reduced scheme. The
expression for [OH*] thus becomes
_

Comparisons between the [OH*]Full_Model and [OH*]Steady_State demonstrate very good
agreement as seen in the supplemental material (Fig S7 and S8).
Figure 11 presents the temperature and temperature temporal gradient profiles as well as the
rates of energy production per reaction. The time at which the emission peaks, around 130 µs,
corresponds closely to the time at which the temperature temporal gradient peaks. No simple
relationship exists between the OH radical and temperature profiles. The main reaction
responsible for energy release is N2O+H=N2+OH. This reaction is also the most important in
the case of H2-O2-N2O-Ar mixtures (See supplemental material Figure S4). For these
mixtures, the time to emission maximum corresponds to the time of maximum energy release.

Conclusion
In the present study, hydrogen-based mixtures, including H2-O2, H2O2-H2O, H2-N2O and H2O2-N2O, have been studied experimentally using the shock tubes and modeling with detailed
chemical reaction mechanisms. The present results, along with those previously obtained by
Katthrotia [10] Hall et al. [2] and for various hydrocarbon-oxygen mixtures, demonstrates the
need for reliable sub-mechanisms describing OH* radical chemistry in order to properly
interpret emission profiles, particularly with oxidizers such as nitrous oxide or hydrogen
peroxide. The relationship between the OH* emission and the temperature profile depends on
the mixture studied so that OH* emission is not always a good surrogate for energy release
rate. We have carried out an analysis of the production and destruction rates of OH* and
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found that under our conditions, we can perform a quasi-steady-state-approximation to
determine the OH* concentration. This analysis demonstrates that under our experimental
conditions OH* is proportional to the [H][O] product for H2-O2 and H2O2 mixtures, and there
is an additional additive dependence on [H] when N2O is the only oxidant. The role of
quenching is to determine the amplitude of the emission signal but not the temporal
dependence under the highly-dilute, nearly isothermal conditions that we are considering.
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Figure Captions

Figure 1:
Experimental and calculated onset for H2-O2-Ar mixtures. Solid lines: delay derived from
OH*, Dashed lines: delay derived from OH.

Figure 2:
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Experimental and calculated onset for H2-O2-Ar mixtures. Data from Petersen et al. [26]. Solid
lines: delay derived from OH*, Dashed lines: delay derived from OH.

Figure 3:
Rates of production, ROP, for OH* and OH (top) and experimental emission and calculated
OH* and OH profiles (bottom) for H2-O2-Ar mixtures. Solid lines: ROP for OH*, Dashed
lines: ROP for OH.

Figure 4:
Calculated temperature and temperature gradient profile (top) and normalized energy release
rates per reaction (bottom) for H2-O2-Ar mixtures.

Figure 5:
Experimental and calculated 50% and 100% for a H2O2-H2O-Ar mixture. Solid lines: delay
derived from OH*, Dashed lines: delay derived from OH.

Figure 6:
Experimental and calculated 50% and 100% for a H2O2-H2O-Ar mixture. Solid lines: delay
derived from OH*, Dashed lines: delay derived from OH.

Figure 7:
Rates of production, ROP, for OH* and OH (top) and experimental emission and calculated
OH* and OH profiles (bottom) for a H2O2-H2O-Ar mixture. Solid lines: ROP for OH*,
Dashed lines: ROP for OH.
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Figure 8:
Calculated temperature and temperature gradient profile (top) and normalized energy release
rates per reaction (bottom) for a H2O2-H2O-Ar mixture.

Figure 9:
Experimental and calculated 50% for H2-N2O-(O2)-Ar mixtures. Solid lines: delay derived
from OH*, Dashed lines: delay derived from OH.

Figure 10:
Rates of production, ROP, for OH* and OH (top) and experimental emission and calculated
OH* and OH profiles (bottom) for a H2-N2O-Ar mixture. Solid lines: ROP for OH*, Dashed
lines: ROP for OH.

Figure 11:
Calculated temperature and temperature gradient profile (top) and normalized energy release
rates per reaction (bottom) for a H2-N2O-Ar mixture.
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Figure 1: Experimental and calculated onset for H2-O2-Ar mixtures. Solid lines: delay derived
from OH*, Dashed lines: delay derived from OH.
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Figure 2: Experimental and calculated onset for H2-O2-Ar mixtures. Data from Petersen et al.
[26]. Solid lines: delay derived from OH*, Dashed lines: delay derived from OH.
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Figure 3: Rates of production, ROP, for OH* and OH (top) and experimental emission and
calculated OH* and OH profiles (bottom) for H2-O2-Ar mixtures. Solid lines: ROP for OH*,
Dashed lines: ROP for OH.
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Figure 4: Calculated temperature and temperature gradient profile (top) and normalized
energy release rates per reaction (bottom) for H2-O2-Ar mixtures.
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Figure 5: Experimental and calculated 50% and 100% for a H2O2-H2O-Ar mixture. Solid lines:
delay derived from OH*, Dashed lines: delay derived from OH.
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Figure 6: Experimental and calculated 50% and 100% for a H2O2-H2O-Ar mixture. Solid lines:
delay derived from OH*, Dashed lines: delay derived from OH.
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Figure 7: Rates of production, ROP, for OH* and OH (top) and experimental emission and
calculated OH* and OH profiles (bottom) for a H2O2-H2O-Ar mixture. Solid lines: ROP for
OH*, Dashed lines: ROP for OH.
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Figure 8: Calculated temperature and temperature gradient profile (top) and normalized
energy release rates per reaction (bottom) for a H2O2-H2O-Ar mixture.
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Figure 9: Experimental and calculated 50% for H2-N2O-(O2)-Ar mixtures. Solid lines: delay
derived from OH*, Dashed lines: delay derived from OH.
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Figure 10: Rates of production, ROP, for OH* and OH (top) and experimental emission and
calculated OH* and OH profiles (bottom) for a H2-N2O-Ar mixture. Solid lines: ROP for
OH*, Dashed lines: ROP for OH.
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Figure 11: Calculated temperature and temperature gradient profile (top) and normalized
energy release rates per reaction (bottom) for a H2-N2O-Ar mixture.
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Table Captions

Table 1:
Mixture compositions and experimental conditions examined in the present study. In all cases,
the diluent is Argon.
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Table
Table 1: Mixture compositions and experimental conditions examined in the present study. In
all cases, the diluent is Argon.

N°
1
2
3
4
5
6
7
8
9
10


1.04
2.00
1.00
1.03
1.47
‐
‐
0.97
0.68
0.50

XH2
0.0169
0.0200
0.0300
0.0103
0.0336
‐
‐
0.0153
0.0160
0.0033

XO2
XN2O
XH2O2
XH2O
0.0081
‐
‐
‐
0.0050
‐
‐
‐
0.0150
‐
‐
‐
0.0050
‐
‐
‐
0.0114
‐
‐
‐
‐
‐
0.0055270 0.0044730
‐
‐
0.0027635 0.0022365
‐
0.0158
‐
‐
0.0076 0.0084
‐
‐
‐
0.0067
‐
‐

T5 (K)
1092‐1704
1090‐1494
1009‐1426
1171‐1750
1111‐1505
1260‐1650
1260‐1700
1348‐1635
1350‐1724
1405‐2356
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P5 (kPa)
285‐410
320‐411
101
101
101
150‐230
170‐230
282‐359
288‐371
256‐320

Parameter
onset
onset
onset
onset
onset
50% and 100%
50% and 100%
50%
50%
50%

Ref
This study
This study
[26]
[26]
[26]
This study
This study
This study
This study
[3]

