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Abstract

A lack of available experimental data for spatial distributions of the species mole fractions in the flames of
hydrogen at the pressures higher than atmospheric, which are required for developing and validating reliable
kinetic models for hydrogen combustion, motivated this study. Stoichiometric laminar premixed H,/O,/Ar
flames stabilized on flat burners at pressures 1, 3 and 5 atm were examined in this work by molecular beam
mass spectrometry. Mole fraction profiles of all flame species (H,, O,, H,0, H,O,, H, O, OH, HO,) were
measured. A decrease in the peak mole fractions of H, O, OH radicals and an increase in the peak mole
fractions of HO, and H,O, with pressure was observed. Two detailed kinetic mechanisms proposed recently
by Konnov (2008) and Burke et al. (2012) for hydrogen combustion were validated against new experimental
data reported in this work. Both mechanisms reproduced well the mole fraction profiles of H,, O,, H,O and
H, O, OH radicals in the flames. However, the mechanism of Burke et al. was found to be more adequate
in predicting the mole fraction profiles of peroxy species in the flames. The observed changes in the flame
structure with pressure were explained on the basis of a kinetic analysis of the model developed by Burke
et al. The experimental data reported in this work can help in further development and improvement of the
future kinetic models of hydrogen combustion at elevated pressures.
© 2016 by The Combustion Institute. Published by Elsevier Inc.
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due to its particular importance for fundamental
science and for practical applications. Validation
of the proposed chemical kinetic mechanisms for
combustion of fuels, including hydrogen, against
the experimental mole fraction profiles of different
species in flames (flame structure) is a key step in
getting insight into the combustion kinetics.

In this regard, many studies have been focused
on the measurements of species mole fractions in
one-dimensional premixed hydrogen flames [9-18].
These data were obtained for the flames stabilized
at low- and atmospheric-pressure conditions. The
experimental data on the chemical speciation in the
flames of hydrogen at elevated pressures (>1 atm)
are extremely scarce. To our knowledge, only Palet-
skii et al. [16] measured the mole fraction of hy-
drogen, oxygen and water in flat burner-stabilized
H,/O,/Ar flame at the pressure of 10atm us-
ing molecular beam mass spectrometry (MBMS).
However, the mole fractions of major flame inter-
mediates, which play the key role in hydrogen com-
bustion were not measured in Paletskii et al. [16].

It is evident that detailed reaction mechanisms,
tested only for the atmospheric or low pressure con-
ditions, cannot be securely applied to description
of processes proceeding at higher pressures. To de-
velop reliable reaction mechanisms, the available
experimental database, in particular, the database
for spatial distributions of the species mole frac-
tions in flames, should be expanded to the area of
higher pressures, and the mechanisms should be
validated against this database.

Thus, the abovementioned concerns motivated
us to study premixed laminar burner-stabilized
flames of hydrogen at 1, 3 and 5 atm using molec-
ular beam mass spectrometry, which was applied
recently to studying the structure of premixed
methane flames in this range of pressures [19]. In
this work, we report our MBMS measurement data
on mole fraction profiles of all 8 species (H,, O,,
H,O, H, O, OH, HO,, H,0,) in the flame of stoi-
chiometric H,/O,/Ar mixture. Our goal was to pro-
vide experimental evidence of how the increase in
pressure affects the species mole fractions in the
flame. In this work, we used our data for vali-
dating recently updated detailed reaction mecha-
nisms for hydrogen combustion proposed in the
literature [5,6] and performed kinetic analysis of
the mechanisms in order to explain the observed
tendencies.

2. Experimental and modeling approaches

The flames of hydrogen/oxygen/argon mixtures
were examined at the pressures of 1, 3 and 5 atm us-
ing a quadrupole mass spectrometer with a molec-
ular beam sampling system and with ionization by
electron impact. Although the experimental setup
and procedures for studying the flames at elevated

pressures have been described thoroughly in our re-
cent work [19], some specific details are given below.

The atmospheric-pressure flame was stabilized
on a burner with a perforated matrix 16 mm in di-
ameter, whereas at elevated pressures the burner
with a porous matrix 6 mm in diameter was used.
The latter was mounted in a high-pressure cham-
ber, which was pressurized with nitrogen for the
time of the experiment. The chamber was con-
nected to a sampling probe flange of the MBMS
setup. The temperature of the burners was kept at
333 K by circulation of thermostated water. Three
stoichiometric flames of similar molar composi-
tion (H,/O,/Ar=13.33/6.67/80%) were investigated
at the pressures of 1, 3 and 5 atm. Linear veloci-
ties of the fresh mixtures at the burner surface (at
333 K) for the indicated pressures were 44.9, 39.9
and 23.9 cm/s, respectively. These values were cho-
sen so that the flames were stable under particu-
lar conditions. In choosing the flame conditions,
we added trace amounts of methane to the fresh
mixtures to visualize the flames and ensure visually
their flatness and stability.

Flame sampling was performed using a quartz
conic probe with the opening angle of 40 °, 18 mm
height and the orifice diameter of 40 microns. The
wall near the probe tip was 80 microns thick, and,
getting closer to the base of the probe, its thickness
increased gradually to be 2 mm at the probe base. A
molecular beam was formed using a stainless-steel
skimmer. Its tip was located 18 mm from the probe
tip. The sample entered a collimator and the ioniza-
tion chamber, where ionization of the gas occurred.
The stage between the skimmer and the collimator
was equipped with a modulator of the molecular
beam. The use of the beam modulator allowed us
to discriminate the beam signal from the signal of
background species and therefore to eliminate pos-
sible dependence of the signal on the background
pressure in the ionization area.

The mass spectrometer was equipped with an
improved ion source with narrow spread of electron
energies (+0.25 eV), which corresponds to the ba-
sis width of the electron energy distribution func-
tion (thermal scattering) [20]. This allowed opera-
tion at low ionization energies which are close to the
ionization potentials of the flame species. Electron
energies were selected for each species analyzed,
so as to obtain a fairly high signal-to-noise ratio,
without interferences from fragmentation of other
species.

The energies of ionizing electrons in the mea-
surements of intensities of corresponding mass
peaks were as follows: 16.65 eV for H, H,, O, OH,
HO,, and 14.35eV for H,O, O,, and H,O,. It
should be noted that a typical mass spectrum of
molecular oxygen with natural abundance of its
isotopes (at least at ionizing electron energies be-
low 18 eV) consists of three peaks: 32, 33 and 34,
corresponding to O'°0' (major peak, ~ 99.76%),
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0'%0"7 (7 0.04%) and O'°O'" (~ 0.2%). Therefore,
the signal intensities of the mass peaks correspond-
ing to HO, and H,O, (m/z=33 and 34, respec-
tively) in flames were corrected for contribution of
oxygen molecules containing O'7 and O'® isotopes.

According to literature data, appearance en-
ergy for fragment ions (HO,* and OH™) produced
by electron impact ionization of H,O, is about
15.35eV [21], which is lower than the energy of ion-
izing electrons used in our work for OH and HO,
measurements (16.65eV). However, our measure-
ments showed that the contributions of the frag-
mented ions from H,0, to mass peaks 17 and 33
were negligible at the energy of 16.65¢V.

The mole fractions of the reactants (H,, O;)
and major sable species (H,O, H,O,) were deter-
mined using the calibration coefficients (relative to
argon) derived from direct calibration experiments
with gas mixtures of known composition. The satu-
rated H,O,/H,O/Ar mixture was prepared by pass-
ing of a flow of argon through a thermostated bub-
bler containing a solution of 35% wt. H,O,, with
the remainder being water. Mole fractions of H,O,
and H,O vapors in the calibration mixture were de-
termined using the values for the vapor pressure of
hydrogen peroxide and water above the solution at
a given temperature, similarly to what was done by
Aul et al. [22].

Calibration coefficients for the flame radicals
(H, O, OH and HO,) were determined by apply-
ing a relative ionization cross-section method de-
scribed by Cool et al. [23] and used in our previ-
ous work [19]. The idea of this method consists in
the following. The calibration coefficient (S) links
the signal intensity (/) with the mole fraction (X)
for each species at a given temperature and pres-
sure by a simple relation: /=SX.S is proportional
to o(E), the ionization cross-section at electron en-
ergy E. Thus, the unknown calibration coefficient
for an intermediate species is related to the known
calibration coefficient for the nearest stable species
by the following expression: S; = Ss-[0:(E))/o (Es)],
where index i corresponds to intermediate species,
and index S corresponds to the nearest species with
the known calibration coefficient. The electron ion-
ization cross sections at a given electron energy for
H, O and HO, were calculated using the NIST Elec-
tron Impact Cross Section Database [24], and for
OH they were taken from [25]. The calibration coef-
ficients for H, O and OH were also derived using an
alternative method based on partial equilibrium by
three “fast” reactions in the post-flame zone of the
flames: H,+OH < H,O+H, H,+0O < H+OH,
and O,+H < OH+O, as done previously [18].
Good agreement between the calibration coeffi-
cients obtained with these two methods for H, O
and OH was achieved.

The uncertainty of determining absolute mole
fractions of the flame reactants and stable species
(H,, O,, H,O and H,0,) was estimated to be

+ 20% of the maximum mole fraction values. This
inaccuracy was mainly due to the errors in the mea-
surements of the mass peak intensities and uncer-
tainties in calibration. Absolute mole fractions of
H, OH, O and HO, radicals were determined to
be within a factor of about 2. This uncertainty was
evaluated taking into account the following sources
of errors: uncertainty in the measurement of mass
peak intensities, and uncertainty in ionization cross
section due to the electron energy spread.

To account for the cooling effect of the probe
on the flame, we measured the temperature in the
vicinity (slightly upstream) of the probe orifice for
each HAB to obtain a perturbed temperature pro-
file. This profile was used then as the input data
for the flame structure calculations using PREMIX
code [26]. Details of temperature measurements
and PREMIX calculations will be given below.

The diameter of the probe orifice is the key pa-
rameter determining the quality of the experimen-
tal data, see, e.g., [27,28]. In this work we used the
sampling probe with the orifice 40 um in diameter
as in our recent work [19], in which we studied pre-
mixed methane flames under similar conditions (at
1-5atm). It was shown [19] that the use of such
a probe provided quite reasonable spatial distribu-
tions of species mole fractions in the flames.

The temperature profiles in all the flames were
measured using a Pt-(Pt+ 10% Rh) thermocouple
located ~0.05mm from the tip of the sampling
probe in high-pressure flames and 0.2 mm from the
probe tip in atmospheric-pressure flame. The ther-
mocouple was welded from wires 0.02 mm in di-
ameter covered with a thin layer of SiO, to pre-
vent catalytic effects on its surface. The resulting
thermocouple had a diameter of 0.03 mm. The
temperature values measured with the thermocou-
ple were corrected for radiative heat losses, as de-
scribed in Shaddix [29]. The measurements of the
temperature profiles were repeated several times.
The maximum spread in the measured values of
the temperature was up to +40 K. Therefore, this
spread was considered as the temperature mea-
surement uncertainty. Meanwhile, we are aware of
the fact that the actual uncertainty of tempera-
ture measurements in the flame zone can be greater
for the flames stabilized at 3 and 5atm than for
atmospheric-pressure flame due to greater temper-
ature gradients. According to our previous findings
[19], for the flames at 3 and 5 atm the experimental
error limit at the heights above burner lower than
~(.2 mm can reach 150 K.

The mole fraction profiles of the flame species
were simulated, using the PREMIX code from the
CHEMKIN 1I collection of codes [26]. Two de-
tailed chemical kinetic mechanisms proposed by
Konnov [5] and Burke et al [6] were employed
for modeling in this work. Both these mecha-
nisms were validated by their authors against
numerous experimental data. In particular, the
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Fig. 1. Temperature profiles in premixed laminar stoi-
chiometric H,/O,/Ar flames at pressures 1, 3 and 5 atm.

Konnov model predicted adequately ignition, ox-
idation, flame burning velocities, and flame struc-
ture of hydrogen-oxygen-inert mixtures [5]. Burke
et al. [6] reported that the predictions using their
model adequately reproduced previous validation
targets and showed substantially improved agree-
ment against recent high-pressure flame speed and
shock tube speciation measurements. The thermo-
dynamic and transport properties provided with
each mechanism by the authors were used. The
calculations were performed with the measured
temperature profiles, which were smoothed, as in-
put data using the TGIV keyword. The PRE-
MIX input files in CHEMKIN format used for
the calculations are provided in the Supplemental
Material (premix_latm.inp, premix_3atm.inp, pre-
mix_Satm.inp).

3. Results and discussions

3.1. The structure of H,/0,/Ar flames at
atmospheric and elevated pressures

The experimental data represented below in
Figs. 1-4 are provided in tabular form in the Sup-
plemental Material (Experimental data.xls). The
temperature profiles measured in the flames at at-
mospheric and elevated pressures are plotted in
Fig. 1. As seen, the width of the flame zone largely
decreases as the pressure increases from 1 to 3 atm,
as expected: at the pressure of 1atm, it is about
1.2 mm, while at 3 atm it is ~0.5 mm. Further in-
crease in pressure from 3 to 5 atm results in a slight
decrease in the width of the flame zone (from ~0.5
to ~0.4 mm). The values of the post-flame temper-
atures are determined essentially by the heat losses
to the burner and do not depend on completeness
of combustion. In Fig. 2, experimental mole frac-
tion profiles of H,, O, and H,O at 1, 3 and 5 atm
are compared with those calculated using two re-

et al. yields lower peak mole fractions of the rad-
icals than Konnov mechanism. However, due to
the abovementioned uncertainties, it is difficult to
say, based on our data, which of them is better in
predicting the mole fractions of the chain carriers.
The pressure dependence of the peak mole frac-
tions of the radicals will be discussed in the next
section.

Comparisons of the measured and calculated
mole fraction profiles of HO, radicals and hydro-
gen peroxide are shown in Fig. 4. The first thing to
note in the diagrams is that the models predict max-
imums of the mole fractions of these species to be
closer to the burner than those of H, O and OH
radicals (see Fig. 3 to compare). This is due to the
fact that formation of the peroxy species proceeds
basically at low temperatures. Experimental data
confirm this fact. However, as is seen, the peaks of
the profiles were resolved clearly only for the flame
at 1 atm due to the fact that the flame zone is sig-
nificantly wider than those at elevated pressures.
In addition, the absolute mole fractions of these
species are very low (~107*), which also could af-
fect their measurement accuracy. Nevertheless, one
can conclude from the comparisons of the mea-
surement and calculation results that, in general,
the predictions of the mechanism of Burke et al.
are in better agreement with the experimental data
for the peroxy species than those of the Konnov
mechanism. Moreover, as is seen, the profiles calcu-
lated with the Konnov mechanism differ essentially
from those with the Burke et al. mechanism: HO,
peak mole fractions are much closer to the burner,
and H, 0, profiles have two maximums. The exper-
imental data for H,O,, at least for atmospheric-
pressure flame, definitely show a single peak,
as well as the predictions of the Burke et al.
mechanism.

Summarizing the results of the comparisons of
the measurement data and calculation results us-
ing two detailed mechanisms from the literature, we
come to the following conclusions: (1) both mod-
els are good in predicting H, O and OH mole frac-
tions at the pressures considered; (2) the Burke et
al. model is more adequate in reproducing the mole
fraction profiles of peroxy species than the Kon-
nov model. Therefore, in the following section the
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Fig. 2. Mole fraction profiles of H, O, and H,O in premixed laminar stoichiometric H,/O,/Ar flames at pressures 1, 3 and
5 atm. Symbols: experimental data, lines: modeling (solid line: Konnov mechanism; dashed line: Burke et al. mechanism).
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Fig. 3. Mole fraction profiles of H, O and OH in premixed laminar stoichiometric H,/O,/Ar flames at pressures 1, 3 and
S atm. Symbols: experimental data, lines: modeling.

mechanism of Burke et al. will be analyzed to inter- H, and O radicals decrease with pressure. Although
pret the observed pressure effects on the peak mole in the range from 1 to 3 atm mole fraction of OH
fractions of the flame species. practically does not change with pressure, its fur-
ther increase to 5atm results in a nearly twofold

3.2. Pressure effect on the peak mole fractions of decrease in mole fraction of this radical. Moreover,
the flame intermediates the H/OH ratio decreases with pressure. Our previ-
ous study of methane flames in the same pressure

The pressure dependencies of peak mole frac- range [19] showed similar tendencies: reduction of
tions of H, O, OH, HO, radicals and H,O, derived H and OH peak mole fractions and H/OH ratio
from the simulations using the Burke et al. mecha- with pressure. This was explained to be related pri-
nism are shown in Fig. 5. It should be remembered marily to the reaction H+ O, (+M) <> HO, (+M),
that the peaks for H, O, OH and HO,, H,O, are the contribution of which to H consumption in-
located in different flame zones (see Figs. 3 and 4). creased with pressure. The rise in H/OH ratio was
As can be seen from Fig. 5, peak mole fractions of attributed, therefore, to enhanced production of
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Fig. 5. Peak mole fractions of the flame intermediates,
as derived from the calculations using the mechanism of
Burke et al. [6].

HO,, which contributed to the formation of OH
via the reactions of HO, with other flame radi-
cals, like HO, + H <> OH + OH. The kinetic analy-
sis of the production and consumption routes of H
and OH, according to the Burke et al. mechanism,
showed that these arguments are also true for the
hydrogen flame studied in this work to explain the
observed trends for H and OH radicals.

To explain the reduction of O peak mole frac-
tion with pressure (see Fig. 5), we performed an
analysis of the reaction pathways responsible for
production and consumption of O radicals in the
flame (Fig. 6). Similarly as was done in our pre-
vious work [19], this analysis was carried out in
terms of the contributions (in percents) of the in-
tegrated rate of each individual reaction to the to-
tal integrated rate of consumption of the selected
species in the entire flame. An integrated reaction
rate (mol/cm?) was calculated in the same way as

F#+0,<=>0+0H JIIIIIHIIMIMIMIMIMMIMMMMINIINY

O+H+M<=>0H+M
W 5atm

3atm

OH+OH<=>0+H,0 O1atm

HO,+0<=>0,+0H

.

r T T T T T T T T 1

-20 0 20 40 60 80 100

O+H,<=>H+OH

Contribution to production and consumption of O radicals (%)

Fig. 6. Major contributions (in percents) of the inte-
grated rates of the reactions to the total integrated rate
of production and consumption of O radicals in stoichio-
metric Hy/O,/Ar flames at 1, 3 and 5 atm.

was proposed by Held and Dryer [30]:

o0 o0

a)i:/a)’,-dt:/&dx
v

0 0

where w; is local rate of ith reaction, mol/(cm?s), v
is local gas velocity (cm/s), x is distance from the
burner (integration is carried out over the entire
flame zone). To calculate the total integrated rate
of consumption of a selected species, the summa-
tion was performed over all possible reactions as-
sociated with consumption of the very species.
The reactions shown in Fig. 6 are written as
they are in the kinetic mechanism, and they can
proceed either in forward or reverse direction. As
can be seen from Fig. 6, the chain branching re-
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Fig. 7. Major contributions (in percents) of the inte-
grated rates of the reactions to the total integrated rate
of production and consumption of hydrogen peroxide in
stoichiometric H,/O,/Ar flames at 1, 3 and S atm.

action H+ 0, =0+ OH is the main source of O
atoms in the flame, whereas another chain branch-
ing reaction (O + H, =H+ OH) provides the main
route for its consumption. The pressure rise re-
sults in a reduction of the contribution of the latter
reaction to O consumption. However, meanwhile
the reactions of O with HO, (O+ HO, =0, + OH)
and water (O +H,O=0H + OH) yielding OH rad-
icals provide more significant contribution to con-
sumption of O atoms with pressure. These reac-
tions are likely to be responsible for reduction
of the peak mole fraction of O radicals with
pressure.

Further discussion will be focused on the ki-
netics of peroxy species in the flame. The in-
crease in HO, peak mole fraction with pressure
(see Fig. 5) is a result of the competition between
the dominant reaction of its formation H+O,
(+M) <> HO, (+M) (R1), the rate constant of
which is pressure-dependent, and the main reaction
of its consumption HO,+H < OH+OH (R2).
Although the maximums of the rates of these re-
actions are located at different temperatures, the
ratio of maximum rate of the reaction R1 to the
maximum rate of the reaction R2 was found to in-
crease with pressure as 1.32, 1.45 and 1.56 for 1, 3,
and 5 atm, respectively. Hence, this leads to an en-
hanced HO, formation with pressure.

To interpret the increase of H,O, peak mole
fraction with pressure (Fig. 5) we calculated the
contributions of reaction pathways responsible for
its production and consumption (Fig. 7). These cal-
culations were made similarly as described above
for O radicals. As can be seen from Fig. 7, there are
two routes of H,O, production: via recombination
of two OH radicals (OH+OH=H,0,(+M)) or
HO, radicals (HO, + HO, =H,0, + O,). The reac-
tions of H,O, with H (H,O,+H=H,0+OH and
H,0,+H=HO,+H,), OH (H,0,+OH=HO,

+H20) and O (H,0, + O=0H + HO,) provide its
consumption. Despite the fact that the contribu-
tions of all these reactions change with pressure,
the contribution of the reaction of HO, recombi-
nation becomes particularly significant when pres-
sure rises from 3 to 5 atm. Therefore, the increase
in the peak mole fraction of hydrogen peroxide can
be attributed to the increased role of the reaction
HO, +HO,=H,0,+0,.

Summarizing the findings represented above, we
come, thus, to a conclusion that the reactions in-
volving peroxy radicals play an important role in
the combustion process of hydrogen at least in the
pressure range 1-5 atm. Although this fact was al-
ready discussed earlier in the literature, see e.g., [8],
the corresponding conclusions were based on the
kinetic models which were not validated against de-
tailed speciation measurements in the flames at the
pressures higher than atmospheric. The experimen-
tal data represented in this work provided this ba-
sis. Furthermore, these data can be used for fur-
ther development and improvement of future ki-
netic models of hydrogen combustion at elevated
pressures.

4. Conclusions

In this work, the mole fraction profiles of the
major stable species (H,, O,, H,O) and all inter-
mediates including H, O, OH, HO,, and H,O,
were measured by a flame-sampling molecular-
beam mass spectrometric technique in laminar sto-
ichiometric premixed burner-stabilized H,/O,/Ar
flames at pressures of 1-5atm. The experimental
data were compared with the results of numeri-
cal simulations using two detailed chemical kinetic
mechanisms recently developed for hydrogen com-
bustion by Konnov [5] and Burke et al [6]. The
simulations were performed using the temperature
profiles measured with thermocouples in the pres-
ence of the sampling probe to take into account the
flame cooling effect by the probe. Both mechanisms
adequately reproduced the mole fraction profiles of
the major components and H, O, OH radicals in
the flame at the pressures considered. However, the
mechanism of Burke et al. was found to be more
accurate in predicting mole fraction profiles of per-
oxy species (HO, and H,0;) in the flames. The
observed reduction in the peak mole fractions of
H, O, OH radicals and increase in the peak mole
fractions of HO, and H,O, with pressure was ex-
plained basing on the results of a kinetic analysis
of the Burke et al. model. The experimental results
represented in this work provide a complete survey
of the structure of the burner-stabilized premixed
flame of hydrogen in the pressure range from 1 to
5atm and can help to improve future kinetic mod-
els of hydrogen combustion.
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