Experimental and numerical investigation of OH chemiluminescence in shock tubes:
Reactions of highly diluted H/O, mixtures with various diluents
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Abstract

The temporal variation of OHchemiluminescence in hydrogen oxidation chemiktg been studied behind re-
flected shock waves at temperatures of 1100-3008t I§, pressure of 1 bar. The aim of the presenk was to
obtain a validated reaction scheme to describé foHnation. The main pathway of OHormation in hydrogen
oxidation at the measured temperature is attribtaeld + O + M— OH" + M with a derived rate coefficient of
1.5x10" exp(—25 kJmoI/RT) cnPmol?s™. The numerical simulation allows the qualitativealysis for the absolute
OH’ concentration based on laminar flame data fronlitdeature.

Introduction pressure range under defined, ideal conditions,revhe
In H,/O, combustion, emission of UV radiation at areactions are considered diffusion-free. This appho
wavelength of 306 nm in the flame spectra is olebrv has been established to investigate reactionsiinat
due to the transition of the hydroxyl radical frdta high temperature
electronically excited state {&") to its ground state
(X?M). The concentration of OHis much lower (as Experimental .
much as several orders of magnitude) than somkeof t The detection of the OH:hemiluminescence signals
important ground state intermediate species (OHQH, were performed in an high-vacuum shock tube with a
and thus has nearly no influence on the overalrdwd constant inner diameter of 80 mm. Mixtures were- pre
gen oxidation. A quantitative interpretation ofsthiig- pared in a stainless steel vessel using the pargakure
nal would be attractive as a cost-efficient optidilg- method. Stated chemical purities were 99.998% for
nostic technique of transient combustion phenomen@xygen, 99.9990% for hydrogen, 99.996% nitrogen and
There is, however, no direct relationship betwees t 99.9990% for argon.
measured OHintensity and the absolute concentration The tube is separated into a driver and driverigrect
of the important (ground state) flame intermediafes by an aluminium diaphragm. The driver section veéth
connect both requires the knowledge of the detaild@ngth of 3.6 m is pumped down to-i@nbar. A final
chemistry of the system involving OHNhile the kinet- pressure of 10 mbar in the driven section (length: 7.3
ics of ground state hydroxyl radicals are well kmow M) is achieved by a turbomolecular pump. Hydrogen i
only few direct measurements of the OFdrmation used as driver gas. The shock tube provides ditest
routes exist. Disagreement still remains in definihe 0f 2 ms. Figure Bhows a schematic setup of the shock

main channel forming OH tube.
Four piezoelectric pressure transducers are used to
H+OH+OH - OH +H.O (R1) record the pressure trace in order to determinernitie
2 dent shock wave velocity. Temperature and pressure
H+O+M - OH +M (R2) the test gas behind the reflected shock wave waoeic

lated based on the initial temperature and presshee

Recent studies [1,2] describe (R2) as the key reainicident shock velocity and the attenuation usirana-
tion pathway. The present study focuses on the dormdimensional shock tube model (shock-tube code ef th
tion pathway of OHand the influence of different colli- CHEMKIN package [7]).
sion partners based on an existing mechanism abhyd
gen oxidation [3] blended by a sub mechanism, ¢onta . )
ing the kinetics data of the Otthemistry [4-6]. Here, Piezoelectric Pressure
the rate of the key reaction (R2) is suggestedhin t  PUMP Pump Transducel
present work. The mechanism for Oehemilumines- * *
cence is validated against the ignition delay timea- Driver Sectio' Driven Section
surements from shock-tube experiments for differen *
fuel stoichiometry (present work) and absolute emnc

Diaphragm 4 nterference Filter=s=

tration measurements from premixed laminar flames Mixture Photomu|tip|ier.
(Smith et al. [2]). The ignition delay calculatioase Figure 1: Schematic setup of the shock tube
based on a zero-dimensional (0-D) well-stirred t@ac

model. For the optical detection of the Oldhemilumines-

The shock-tube technique allows the investigation @wence UV-transparent windows (LiF) are positioned
OH chemiluminescence over a wide temperature arZ8 mm upstream of the end flange. A combination of
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two slits (width: 0.2 mm, distance: 25 mm) narraivs  tected OH emission signal and the computed profile for
detection volume in order to ensure high tempagabr a  stoichiometric  hydrogen/oxygen mixture at
lution. Hence, a time resolution ofié was achievable. T=1607 K andp=1.4 bar. The OH experimental
An interference filter limits the detected radiatiat 307 profiles were simulated using the mechanism dismliss
+ 10 nm (FWHM) to record emission from thésA —  in the previous section. The profiles of the meadur
XZ11 transitions of the OHradical. The signal is gained and computed OHchemiluminescence are normalized
by a photomultiplier (Hamamatsu 1P28) with a comsta for comparison to their peak values. The shapehef t
amplification voltage and constant optical confefion computed profile is well reproduced when compared t
during the experimental series. Table 1 showsrities- the experiment.

tigated mixture compositions for a defined temperat

and pressure range. 1,2

—— Experiment

Table 1:Composition of the mixtures investigated in the 1,0 5— Simulation

present study

0.8 T,= 1607 K

Mix- 7 Composition Ts/K  ps/bar ps = 1.14 bar

ture 0,6
A 05 1%HB+1% G 1100- 0.85- 0.4
in Ar 3100 1.40 :
B 1 2% H+1%Q 1100— 0.85- 0,2 g
in Ar 3100 1.40 e \ SRR h
C 05 1%H+1%Q 1100— 0.90- 0,0 '
+ 5% Ny in Ar 3100 1.30 0 1000 g()OO 3000 4000
D 1 2% H+1%Q 1200— 0.90 - _ _ HS o
+5% Nyin Ar 3100 1.35 Figure 2: Comparison of the Orthemiluminescence

shock tube emission profilgy- with the simulated OH
concentration for the mixture composition B. The-pr
files are normalized to their respective peak valdee
simulation is performed with the rate coefficient o
Peaction (R2) suggested in the present work.

Chemical reaction model

To interpret the data a kinetic model for Othemi-
luminescence was considered which includes reactio
forming and consuming OHand a complete hydrogen
oxidation mechanism. The entire mechanism congidere ) . )
in the present work is summarized in Table 2. Tasid Figure 3shows the maximum OHtoncentration as
mechanism of hydrogen oxidation, which consist4®f & function of temperature of one of the chosen umét
species and 46 reactions, is adopted from the Wzarn& (for composition see Table 1). The experimengdad
mechanism [3]. It includes temperature as wellmsp are shown as closed symbols where the intengity
sure-dependent reactions and is recently documémtednax at the given temperature is normalized to theecorr
[8]. The rates of the elementary reactions are base Sponding value at 3100 K for the reason explained
the recommendations of Baulch et al. (2005) [9]isTh above. At the same conditions the simulations (open
mechanism is well validated with respect to flanee v Symbols) are performed and normalized to the concen
locity (5-70% fuel condition) and ignition delayngs trations at 3100 K (i.e., [Oa/[OH Jmax, s100 9. The
in the temperature range from 1000-3000 K. The -abstgure shows also the results of the calculatiortaiyng
lute concentrations of the major Specie§, (BZ: HZOa into account different values for the reaction (RA)

H, OH, O) are in very good agreement with experimerfrequency factor equal to %50 cnfmol”s™ com-

tal concentrations (not presented in this work). bined with an activation energy of 25 kJfiiglields the
best agreement with the experimental findings.

Results and Discussion Additionally, results of the ignition delay time®

For the calibration of measured signal intensities Shock-tube studies and the simulations are compéared
terms of OH concentration measured signals and simitthe present work the ignition delay timg ¢orresponds
lated concentrations are related to each otheraation to the time when the tangent to maximum slope of OH
temperatures of 3100 K. For temperatures highemn tharofile intersects the time axis. Calculation ofitgpn
3100 K OH chemiluminescence can be attributed to théelay times are performed for the given set of expe
reverse reaction of the collisionally-induced demest mental conditions for MO, mixtures diluted in argon
tion reaction, i.e.: and nitrogen (Table 1). The experimental data cerre

« pond to lean ¢ = 0.5) and stoichiometric fuel condi-
OH +M—OH+M (R3) tions. In the experiments the reflected shock tempe

The temperature 3100 K represents a transitiont poiture Ts ranges from 1100-3000 K with presspggang-
where the main reaction pathways (R2, R3) formingg from 0.85 to 1.40 bar.
OH’ species interchange their importance. Because the
reaction (R2) is well known from literature, it cée
used for calibration purposes. Figure 2 shows the d
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Figure 3:Peak OH emissionl opxmax (Shock-tube ex-
periment) and molar concentration [(]max (Simula-
tion) as a function of temperature for mixture Cx-
perimental and numerical data normalized to the
corresponding values at 3100 Blosed symbols ree-
sent experimental data. Open symbols represen
simulations at corresponding experimental pointth’
varying the rate of reaction (R®) from present work
(O 0O); Hall et al. [1] (- --);Smith et a [4] (---). For
the chemical composition s@ablel.

Figure 4shows the comparison of simulated ax-
perimental ignition delay times at above mentio
conditions. The simulations are performed at thegy
experimental points shown by open symbols. As @
seen from Figure 4he simulated ignition times are
very good agreement with the measuren at corres-
ponding conditions. The ignition delay times obeal
from Ar-diluted mixtures are very close to each of
The variation of diluents shows no effect on thatign
delay (result of Mdilution not shown here

w 2% Hz, 1% Oz + Ar
4 1% Hz, 1% Oz + Ar
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Figure 4: Ignition delay timer{ with respect to [O]
for stoichiometric and lean J#D, mixtures with Ar-
dilution. Closed symbols: Shodkbe experiments froi
the present work, open symbols with line: Simulagi
performed at the given experimental condit

To validate this finding an additional numerical-
culationwas done with the maximum intensity plot
against the temperatur€he data originates frc Hall et
al. [1]. Here, similarly to our experiment, the I emis-
sion profiles using HO, mixtures at 0.97 bar we
recorded from the sideall of a stainless sho-tube
facility. As given in [1]the data are normalized to
reference temperature at 1490 K. The simulatios

conducted withhe derived rate coefficie k, discussed
in the previous section.HE computed normalized OF
signals to the temperature reference (1490 K) she
good agreement with the experimental data using
rate coefficient suggestedove
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Figure 5: Peak value of dl-demissionlmaX(OH*) (experi-
mental data from [3]and molar concentration [C ]max
(simulation) at given temperatures normalized te
corresponding value 18K for a stoichiometric ,/O,
mixture at 0.97 barClosed symbols: Experiments frc
Hall et al. [1] Open symbols: Simulation dc at corre-
sponding conditions with the rate of reaction (Rle-
rived in the present work.
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Figure 6: Absolute OHconcentration obtained for
rich (¢ = 1.54), low pressure (0.05 bar), laminae-
mixed H-air flame. x Temperature profiles [OH']
from experiment, [2]; [OH from simulation withk,
from: ----: Smith et al. [2];—-—: Hall et al. [1];00:
present work.

Additionally, a 1D laminar premixed lo-pressure
flame calculation was performed to get insight ithe
species responsible for the © formation chemistry
and where data are availatAbsolute concentrations in
flame provide an astringent test for the elabordi-
netic model. Moreover, ground states chemistryflu-
ential to the OHformation. Therefore, literature data
Vandooren et al. [10vere taken into account to veri
the model.



Table 2: Reaction kinetic scheme of hydrogen oiddiaélong with OH sub-scheme.

Elementary reaction A/cmmol s n E / kdmol™ Reference
H.,/O, kinetic scheme

0O,+H=0H+O0O 2.06E+14 —0.097 62.85 [9]
H,+ O =0OH +H 3.82E+12 0.0 33.26 [9]
H, + OH=HO+H 2.17E+08 1.52 14.47 [9]
OH +OH=HO + 0 3.35E+04 2.42 -8.06 [9]
H+H+ M) =H+ M) 1.02E+17 -0.6 0.00 [9]
O +0+M(1) =Q+M(1) 5.40E+13 0.0 -7.40 [8]
H + OH + M(2)= HO + M(2) 5.56E+22 -2.0 0.00 [9]
H+ O, + M(3) = HO, + M(3) 1.75E+17 0.0 0.00 [9]
HO, + H=0OH + OH 4.46E+14 0.0 5.82 [9]
HO,+H=H,+ O, 1.05E+14 0.0 8.56 [9]
HO,+H=H0 + O 1.44E+12 0.0 0.00 [9]
HO,+O=0H+Q 1.63E+13 0.0 -1.86 [9]
HO, + OH = HO + O, 9.28E+15 0.0 73.25 [9]
HO, + HO, = H,0O, + O, 4.22E+14 0.0 50.14 [9]
OH + OH + M(1) = HO, + M(1) 1.57E+13 0.0 0.00 [9]
H,0, + H=H, + HO, 1.69E+12 0.0 15.71 [9]
H,0, + H = H,O + OH 1.02E+13 0.0 14.97 [9]
H,0, + O = OH + HQ 4.22E+11 0.0 16.63 [9]
H,0,+O0=HO + O, 4.22E+11 0.0 16.63 [9]
H,0O, + OH = HO + HO, 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 +hv 1.45E+06 0.0 0.0 [4]
OH +0,=0OH+Q 2.10E+12 0.5 -2.0 [5]
OH' + H,0 = OH + HO 5.93E+12 0.5 -3.6 [5]
OH +H,=OH + H, 2.95E+12 0.5 -1.9 [5]
OH +N,=OH + N, 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 = AT"exp(-E/RT). Efficiencies of colliders are given below:
M(1) = [H,] + 6.5[H,O] + 0.4[Q;] + 0.35[Ar]
M(2) = [H,] + 2.5[H,0O] + 0.4[Q)] + 0.15[Ar]
M(3) = [H,] + 6.5[H,O] + 0.4[Q;] + 0.29[Ar]

Furthermore, taking the recommended rate of reation as a function of distance above the burnefaseris
tion (R2) into account, the absolute peak Qidncen- reasonably well predicted by the numerical analysis
tration was also found in good agreement with tine-n

ber density of OH measured in premixed flames by A global sensitivity analysis for the laminar flarag _
Smith et al. [2] by measuring absolute chemilurm'neswe” as for the shock tube was performed. The basic

cence yields at 310 and 430 nm. The results arwr:;hoStelo Q+H — OH + O (R4) was found to be the most

N o sensitive either for stoichiometric and fuel-ricbndi-
in Figure 6. The shape of the measured centra- tions. Furthermore other reactions were found teeha



significant sensitivity from the analysis. The reéaic
kinetics of OH was determined by the important chain
branching reaction (R4) along with reactions (RBg)
and (R7).

H,+O—> OH+O (R5)
OH+H,— H,0 +H (R6)
H2+Oz—> HOZ+H (R?)

Conclusion

Based on shock tube and laminar premixed flame
experiments OHchemiluminescence behavior is repro-
duced by a numerical reaction mechanism. The major
channel of excited hydroxyl radical formation iguifm
to be H + O + M— OH" + M. A reaction coefficient of
1.5x10" exp(-25 kImol/RT) cmPmol?s™ is suggested.
A sensitivity analysis points out the importancetioé
basic chain branching;or H — OH + O for the OH
formation. Simulations of OHconcentrations based on
the kinetic data and flame measurements from titeea
compare well.
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