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Abstract 
The temporal variation of OH* chemiluminescence in hydrogen oxidation chemistry has been studied behind re-
flected shock waves at temperatures of 1100–3000 K, at a pressure of 1 bar. The aim of the present work was to 
obtain a validated reaction scheme to describe OH*  formation. The main pathway of OH* formation in hydrogen 
oxidation at the measured temperature is attributed to H + O + M → OH* + M with a derived rate coefficient of 
1.5×1013 exp(–25 kJmol–1/RT) cm6mol–2s–1. The numerical simulation allows the qualitative analysis for the absolute 
OH* concentration based on laminar flame data from the literature. 
 
Introduction 

In H2/O2 combustion, emission of UV radiation at a 
wavelength of 306 nm in the flame spectra is observed 
due to the transition of the hydroxyl radical from its 
electronically excited state (A2Σ+) to its ground state 
(X2Π). The concentration of OH* is much lower (as 
much as several orders of magnitude) than some of the 
important ground state intermediate species (OH, H, O) 
and thus has nearly no influence on the overall hydro-
gen oxidation. A quantitative interpretation of this sig-
nal would be attractive as a cost-efficient optical diag-
nostic technique of transient combustion phenomena. 
There is, however, no direct relationship between the 
measured OH*  intensity and the absolute concentration 
of the important (ground state) flame intermediates. To 
connect both requires the knowledge of the detailed 
chemistry of the system involving OH*. While the kinet-
ics of ground state hydroxyl radicals are well known, 
only few direct measurements of the OH* formation 
routes exist. Disagreement still remains in defining the 
main channel forming OH*: 
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Recent studies [1,2] describe (R2) as the key reac-
tion pathway. The present study focuses on the forma-
tion pathway of OH* and the influence of different colli-
sion partners based on an existing mechanism of hydro-
gen oxidation [3] blended by a sub mechanism, contain-
ing the kinetics data of the OH* chemistry [4-6]. Here, 
the rate of the key reaction (R2) is suggested in the 
present work. The mechanism for OH* chemilumines-
cence is validated against the ignition delay time mea-
surements from shock-tube experiments for different 
fuel stoichiometry (present work) and absolute concen-
tration measurements from premixed laminar flames 
(Smith et al. [2]). The ignition delay calculations are 
based on a zero-dimensional (0-D) well-stirred reactor 
model.  

The shock-tube technique allows the investigation of 
OH* chemiluminescence over a wide temperature and 

pressure range under defined, ideal conditions, where 
reactions are considered diffusion-free. This approach 
has been established to investigate reactions kinetics at 
high temperature  
 
Experimental 

The detection of the OH* chemiluminescence signals 
were performed in an high-vacuum shock tube with a 
constant inner diameter of 80 mm. Mixtures were pre-
pared in a stainless steel vessel using the partial pressure 
method. Stated chemical purities were 99.998% for 
oxygen, 99.9990% for hydrogen, 99.996% nitrogen and 
99.9990% for argon.  

The tube is separated into a driver and driven section 
by an aluminium diaphragm. The driver section with a 
length of 3.6 m is pumped down to 10–2 mbar. A final 
pressure of 10–7 mbar in the driven section (length: 7.3 
m) is achieved by a turbomolecular pump. Hydrogen is 
used as driver gas. The shock tube provides a test time 
of 2 ms. Figure 1 shows a schematic setup of the shock 
tube. 

Four piezoelectric pressure transducers are used to 
record the pressure trace in order to determine the inci-
dent shock wave velocity. Temperature and pressure of 
the test gas behind the reflected shock wave were calcu-
lated based on the initial temperature and pressure, the 
incident shock velocity and the attenuation using a one-
dimensional shock tube model (shock-tube code of the 
CHEMKIN  package [7]).  
 
 
 
 
 
 
 
 
 
 
 

For the optical detection of the OH* chemilumines-
cence UV-transparent windows (LiF) are positioned 
28 mm upstream of the end flange. A combination of 
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Figure 1: Schematic setup of the shock tube 
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two slits (width: 0.2 mm, distance: 25 mm) narrows the 
detection volume in order to ensure high temporal reso-
lution. Hence, a time resolution of 4 µs was achievable. 
An interference filter limits the detected radiation at 307 
± 10 nm (FWHM) to record emission from the A2

Σ
+ → 

X2
Π transitions of the OH* radical. The signal is gained 

by a photomultiplier (Hamamatsu 1P28) with a constant 
amplification voltage and constant optical configuration 
during the experimental series. Table 1 shows the inves-
tigated mixture compositions for a defined temperature 
and pressure range. 
 
Table 1: Composition of the mixtures investigated in the 

present study 

Mix-
ture 

φ Composition T5 / K p5 / bar 

A 0.5 1% H2+ 1% O2 
in Ar 

1100 – 
3100 

0.85 – 
1.40 

B 1 2% H2 + 1% O2 
in Ar 

1100 – 
3100 

0.85 – 
1.40 

C 0.5 1% H2 + 1 % O2 
+ 5% N2 in Ar 

1100 – 
3100 

0.90 – 
1.30 

D 1 2% H2 + 1% O2 
+ 5% N2 in Ar 

1200 – 
3100 

0.90 – 
1.35 

 
Chemical reaction model 

To interpret the data a kinetic model for OH* chemi-
luminescence was considered which includes reactions 
forming and consuming OH* and a complete hydrogen 
oxidation mechanism. The entire mechanism considered 
in the present work is summarized in Table 2. The basic 
mechanism of hydrogen oxidation, which consists of 10 
species and 46 reactions, is adopted from the Warnatz 
mechanism [3]. It includes temperature as well as pres-
sure-dependent reactions and is recently documented in 
[8]. The rates of the elementary reactions are based on 
the recommendations of Baulch et al. (2005) [9]. This 
mechanism is well validated with respect to flame ve-
locity (5–70% fuel condition) and ignition delay times 
in the temperature range from 1000–3000 K. The abso-
lute concentrations of the major species (H2, O2, H2O, 
H, OH, O) are in very good agreement with experimen-
tal concentrations (not presented in this work). 
 
Results and Discussion 

For the calibration of measured signal intensities in 
terms of OH* concentration measured signals and simu-
lated concentrations are related to each other at reaction 
temperatures of 3100 K. For temperatures higher than 
3100 K OH* chemiluminescence can be attributed to the 
reverse reaction of the collisionally-induced deactiva-
tion reaction, i.e.: 

 OH* + M → OH + M (R3) 

The temperature 3100 K represents a transition point 
where the main reaction pathways (R2, R3) forming 
OH* species interchange their importance. Because the 
reaction (R2) is well known from literature, it can be 
used for calibration purposes. Figure 2 shows the de-

tected OH* emission signal and the computed profile for 
a stoichiometric hydrogen/oxygen mixture at 
T = 1607 K and p = 1.4 bar. The OH* experimental 
profiles were simulated using the mechanism discussed 
in the previous section. The profiles of the measured 
and computed OH* chemiluminescence are normalized 
for comparison to their peak values. The shape of the 
computed profile is well reproduced when compared to 
the experiment.  

 

 

Figure 2: Comparison of the OH* chemiluminescence 
shock tube emission profile IOH* with the simulated OH*  
concentration for the mixture composition B. The pro-
files are normalized to their respective peak values. The 
simulation is performed with the rate coefficient of 
reaction (R2) suggested in the present work. 
 

Figure 3 shows the maximum OH* concentration as 
a function of temperature of one of the chosen mixture 
D (for composition see Table 1). The experimental data 
are shown as closed symbols where the intensity IOH*, 

max at the given temperature is normalized to the corre-
sponding value at 3100 K for the reason explained 
above. At the same conditions the simulations (open 
symbols) are performed and normalized to the concen-
trations at 3100 K (i.e., [OH*]max/[OH*]max, 3100 K). The 
figure shows also the results of the calculation by taking 
into account different values for the reaction (R2). A 
frequency factor equal to 1.5×1013 cm6mol–2s–1 com-
bined with an activation energy of 25 kJmol–1 yields the 
best agreement with the experimental findings.  

Additionally, results of the ignition delay times from 
shock-tube studies and the simulations are compared. In 
the present work the ignition delay time (τ) corresponds 
to the time when the tangent to maximum slope of OH*  
profile intersects the time axis. Calculation of ignition 
delay times are performed for the given set of experi-
mental conditions for H2/O2 mixtures diluted in argon 
and nitrogen (Table 1). The experimental data corres-
pond to lean (φ = 0.5) and stoichiometric fuel condi-
tions. In the experiments the reflected shock tempera-
ture T5 ranges from 1100–3000 K with pressure p5 rang-
ing from 0.85 to 1.40 bar.  
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Figure 3: Peak OH* emission I(OH*,max)

periment) and molar concentration [OH
tion) as a function of temperature for mixture D. E
perimental and numerical data are
corresponding values at 3100 K. Closed symbols repr
sent experimental data. Open symbols represent the 
simulations at corresponding experimental points with 
varying the rate of reaction (R2) k2

(); Hall et al. [1] (-- --); Smith et al.
the chemical composition see Table 

Figure 4 shows the comparison of simulated and e
perimental ignition delay times at above mentioned 
conditions. The simulations are performed at the given 
experimental points shown by open symbols. As can be 
seen from Figure 4, the simulated ignition times are in 
very good agreement with the measurements
ponding conditions. The ignition delay times obtained 
from Ar-diluted mixtures are very close to each other.
The variation of diluents shows no effect on the ignition 
delay (result of N2 dilution not shown here).

Figure 4: Ignition delay time (τ) with respect to [OH
for stoichiometric and lean H2/O2

dilution. Closed symbols: Shock-tube experiments from 
the present work, open symbols with line: Simulations 
performed at the given experimental conditions

 
To validate this finding an additional numerical 

culation was done with the maximum intensity plotted 
against the temperature. The data originates from
al. [1]. Here, similarly to our experiment, the OH
sion profiles using H2/O2 mixtures at 0.97 bar were 
recorded from the side-wall of a stainless shock
facility. As given in [1] the data are normalized to a 
reference temperature at 1490 K.  The simulation was 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

3 5 7
104T –1 (K-1

I m
a

x(
O

H
*)
/I

m
a

x(
O

H
* 

a
t 3

10
0

K
)

[O
H

*]
m

a
x/[

O
H

*]
m

ax
 a

t 3
1

00
K

0,5

1,5

2,5

3,5

2 4 6

104T – 1 (K-1) 

lo
g(

τ)
O

H
*  

( µ
s)

■ 2% H2, 1% O2 + Ar

♦ 1% H2, 1% O2 + Ar

3 

 

(OH*,max) (shock-tube ex-
periment) and molar concentration [OH*]max (simula-

as a function of temperature for mixture D. Ex-
perimental and numerical data are normalized to the 

Closed symbols repre-
sent experimental data. Open symbols represent the 
simulations at corresponding experimental points with 

2 from present work 
Smith et al. [4] (−·−). For 
Table 1. 

shows the comparison of simulated and ex-
perimental ignition delay times at above mentioned 
conditions. The simulations are performed at the given 
experimental points shown by open symbols. As can be 

the simulated ignition times are in 
very good agreement with the measurements at corres-
ponding conditions. The ignition delay times obtained 

diluted mixtures are very close to each other. 
The variation of diluents shows no effect on the ignition 

dilution not shown here). 

 

) with respect to [OH*] 
2 mixtures with Ar-

tube experiments from 
the present work, open symbols with line: Simulations 
performed at the given experimental conditions 

To validate this finding an additional numerical cal-
was done with the maximum intensity plotted 

. The data originates from Hall et 
. Here, similarly to our experiment, the OH* emis-

mixtures at 0.97 bar were 
wall of a stainless shock-tube 

the data are normalized to a 
reference temperature at 1490 K.  The simulation was 

conducted with the derived rate coefficient
in the previous section. The computed normalized OH* 
signals to the temperature reference (1490 K) shows a 
good agreement with the experimental data using the 
rate coefficient suggested above.

 

Figure 5: Peak value of OH* 
mental data from [1]) and molar concentration [OH
(simulation) at given temperatures normalized to the 
corresponding value 1490 K for a stoichiometric H
mixture at 0.97 bar. Closed symbols: Experiments from 
Hall et al. [1]. Open symbols: Simulation done
sponding conditions with the rate of reaction (R2) d
rived in the present work. 

Figure 6: Absolute OH* concentration obtained for a 
rich (φ  = 1.54), low pressure (0.05 bar),  laminar pr
mixed H2-air flame. × Temperature profile; 
from experiment, [2]; [OH*] from simulation with 
from: ----: Smith et al. [2]; −
present work. 

Additionally, a 1-D laminar premixed low
flame calculation was performed to get insight into the
species responsible for the OH
and where data are available. 
flame provide an astringent test for the elaborated k
netic model. Moreover, ground states chemistry is infl
ential to the OH* formation. Therefore, literature data of 
Vandooren et al. [10] were taken into account to verify 
the model.  
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Furthermore, taking the recommended rate of reac-
tion (R2) into account, the absolute peak OH* concen-
tration was also found in good agreement with the num-
ber density of OH* measured in premixed flames by 
Smith et al. [2] by measuring absolute chemilumines-
cence yields at 310 and 430 nm. The results are shown 
in Figure 6. The shape of the measured OH* concentra-

tion as a function of distance above the burner surface is 
reasonably well predicted by the numerical analysis. 

A global sensitivity analysis for the laminar flame as 
well as for the shock tube was performed. The basic 
step O2 + H → OH + O (R4) was found to be the most 
sensitive either for stoichiometric and fuel-rich condi-
tions. Furthermore other reactions were found to have 

Table 2: Reaction kinetic scheme of hydrogen oxidation along with OH* sub-scheme. 

Elementary reaction A / cm mol s n E / kJmol–1 Reference 

H2/O2 kinetic scheme 

O2 + H = OH + O 2.06E+14 –0.097 62.85 [9] 

H2 + O = OH + H 3.82E+12 0.0 33.26 [9] 

H2  + OH = H2O+ H    2.17E+08 1.52 14.47 [9] 

OH  + OH = H2O + O   3.35E+04 2.42 -8.06 [9] 

H + H + M(1) = H2 + M(1) 1.02E+17 –0.6 0.00  [9] 

O + O + M(1) = O2 + M(1) 5.40E+13 0.0 –7.40 [8] 

H + OH + M(2)= H2O + M(2) 5.56E+22 –2.0 0.00 [9] 

H + O2 + M(3) = HO2 + M(3) 1.75E+17 0.0 0.00 [9] 

HO2 + H = OH + OH 4.46E+14 0.0 5.82 [9] 

HO2 + H = H2 + O2 1.05E+14 0.0 8.56 [9] 

HO2 + H = H2O + O 1.44E+12 0.0 0.00 [9] 

HO2 + O = OH + O2 1.63E+13 0.0 –1.86 [9] 

HO2 + OH = H2O + O2 9.28E+15 0.0 73.25 [9] 

HO2 + HO2 = H2O2 + O2 4.22E+14 0.0 50.14 [9] 

OH + OH + M(1) = H2O2 + M(1) 1.57E+13 0.0 0.00 [9] 

H2O2 + H = H2 + HO2 1.69E+12 0.0 15.71 [9] 

H2O2 + H = H2O + OH 1.02E+13 0.0 14.97 [9] 

H2O2 + O = OH + HO2 4.22E+11 0.0 16.63 [9] 

H2O2 + O = H2O + O2 4.22E+11 0.0 16.63 [9] 

H2O2 + OH = H2O + HO2 1.64E+18 0.0 123.05 [9] 

OH* sub-scheme 

H + O + M(1) = M(1) + OH* 1.50E+13 0.0 25.0 present work 

OH* = OH + hν 1.45E+06 0.0 0.0 [4] 

OH* + O2 = OH + O2 2.10E+12 0.5 –2.0 [5] 

OH* + H2O = OH + H2O 5.93E+12 0.5 –3.6 [5] 

OH* + H2 = OH + H2 2.95E+12 0.5 –1.9 [5] 

OH* + N2 = OH + N2 1.08E+11 0.5 –5.2 [5] 

OH* + OH = OH + OH 6.01E+12 0.5 –3.2 [5] 

OH* + H = OH + H 1.31E+13 0.5 –0.7 [5] 

OH* + Ar = OH + Ar 1.69E+12 0.0 17.3 [6] 

k = ATn exp(–E/RT). Efficiencies of colliders are given below: 

M(1) = [H2] + 6.5[H2O] + 0.4[O2] + 0.35[Ar] 

M(2) = [H2] + 2.5[H2O] + 0.4[O2] + 0.15[Ar] 

M(3) = [H2] + 6.5[H2O] + 0.4[O2] + 0.29[Ar] 
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significant sensitivity from the analysis. The reaction 
kinetics of OH* was determined by the important chain 
branching reaction (R4) along with reactions (R5), (R6) 
and (R7). 
 H2 + O → OH + O (R5) 

 OH + H2 → H2O + H  (R6)
 

 H2 + O2 → HO2 + H  (R7)
 

 
Conclusion 

Based on shock tube and laminar premixed flame 
experiments OH*  chemiluminescence behavior is repro-
duced by a numerical reaction mechanism. The major 
channel of excited hydroxyl radical formation is found 
to be H + O + M → OH* + M. A reaction coefficient of 
1.5×1013 exp(–25 kJmol–1/RT) cm6mol–2s–1 is suggested. 
A sensitivity analysis points out the importance of the 
basic chain branching O2 + H → OH + O for the OH*  
formation. Simulations of OH* concentrations based on 
the kinetic data and flame measurements from literature 
compare well.  
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