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The mechanism and chemistry of the combustion
and ignition of hydrogen/oxygen mixtures have been
the subject of detailed studies for many years. One of
the causes of this interest is that the combustion and
ignition of these mixtures provide glowing examples of
branched chain reactions, which were discovered by
N.N. Semenov and were investigated in detail by his
followers [1–6]. Numerous modifications of the kinetic
mechanism of hydrogen ignition and combustion have
been suggested to date [1–16], and they have proved
convincingly that the reactions proceed via a chain
mechanism. However, the authors of a recent publica-
tion [17] deny the branched chain character of hydro-
gen ignition and combustion at near-atmospheric pres-
sures. The advances in the understanding of the mech-
anisms of chemical reactions in flames have been made
by comparing experimental data (propagation rate,
ignition delay, flame structure, etc.) collected over the
widest possible ranges of conditions (pressure temper-
ature, the initial composition of the reaction mixture)
with the results of numerical calculations for the trial
mechanisms.

The determining role in branched chain processes is
played by reactions involving active species, namely,
atoms and free radicals. Therefore, the most important
and most complicated problem is to measure their con-
centrations and to record their concentration profiles in
the flame. Molecular-beam sampling mass spectrome-
try (MBSMS) with soft electron-impact ionization is
among the most efficient methods used for this purpose.
Eltenton [14] and, later, Foner and Hudson [15] were
the first to apply this method to the detection of atoms
and radicals in rarefied flames. MBSMS, which is the
most universal method from the standpoint of simulta-
neous measurement of the concentrations of all com-

pounds in the flame, including atoms and free radicals,
is widely used in the study of the flame structure,
including for hydrogen–oxygen mixtures. Most of the
studies of the structure of these flames deal with subat-
mospheric pressures [16, 18–20] because of the diffi-
culties in the use of the MBSMS method at 

 

P

 

 = 1 atm.
Nevertheless, there have been several studies on the
structure of hydrogen/oxygen flames at atmospheric
pressure and above [21–23]. These studies provided
concentration profiles only for stable compounds in
rich [21, 22] and stoichiometric [23] flames. For
detailed and comprehensive verification of the kinetic
mechanism of the chemical reactions involved in
hydrogen combustion at 1 atm, it is necessary to have
concentration distribution data for the active species H
and 

 

OH

 

•

 

 in these flames. Here, we report a development
in testing a soft electron-impact ionization MBSMS
technique for flame structure studies (primarily for
measuring the H and 

 

OH

 

•

 

 concentrations and concen-
tration profiles) at atmospheric pressure and the appli-
cation of this technique to “atmospheric” 

 

H

 

2

 

/O

 

2

 

/N

 

2

 

flames having different stoichiometries. A comparison
between the results of this experiment and the results of
simulation for mechanisms known from the literature
would make it clear whether these mechanisms are
valid.

EXPERIMENTAL

In order to perform experiments under conditions
close to the adiabatic conditions of free flame propaga-
tion, we used a technique ensuring heat flux balance
(HFB) on the burner [24, 25]. The burner was a tube
35 cm in height on which a copper disc 24 mm in diam-
eter and 3 mm in thickness was mounted. The disc had
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Abstract

 

—The kinetics and mechanism of chemical reactions in the H

 

2

 

/O

 

2

 

/N

 

2

 

 flame were studied experimen-
tally and by simulating the structure of premixed laminar flat atmospheric H

 

2

 

/O

 

2

 

/N

 

2

 

 flames of different initial
compositions. The concentration profiles for stable compounds (H

 

2

 

, O

 

2

 

, and H

 

2

 

O), H atoms, and 

 

OH

 

•

 

 radicals
in flames were measured by molecular-beam sampling mass spectrometry using soft electron-impact ioniza-
tion. The experimental data thus obtained are in good agreement with the results of simulations in terms of three
familiar kinetic mechanisms, suggesting that these mechanisms are applicable to the description of the flame
structure in hydrogen–oxygen mixtures at atmospheric pressure.
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uniformly arranged 0.5-mm holes separated by a dis-
tance of 0.7 mm from one another. The copper disc and
the combustible mixture were heated along the outer
perimeter of the burner using circulating water from
thermostats. The disc edge temperature was maintained
at 

 

60°ë

 

; the mixture (hydrogen/oxygen/nitrogen) tem-
perature, at 

 

35°ë

 

. The flow velocity of the initial com-
bustible mixture for 

 

φ

 

 = 1.1 and 2.0 (

 

φ

 

 = [H

 

2

 

]/[H

 

2

 

]

 

stoich

 

)
was set 1–4 cm/s below the flame propagation velocity
determined by the HFB method using the same burner.
The 

 

φ

 

 = 0.47 flame has a cellular structure. In order to
avoid this phenomenon, its structure was determined at
a flow velocity lower by 40% than the free flame prop-
agation velocity. The composition and flow rate of com-
bustible mixtures were set using mass flow controllers
(MKS Instruments Inc.). The purity of the gases
(

 

H

 

2

 

, O

 

2

 

, and 

 

N

 

2

 

) was 99.95%.

In order to measure the radial temperature distribu-
tion on the burner surface, we soldered copper–con-
stantan thermocouples into the burner holes at distances
of 0, 2.4, 4.5, 7.0, 10.0, and 12.0 mm from the burner
axis. For flame stabilization under near-adiabatic con-
ditions and for measuring the flame propagation veloc-
ity, we used the HFB method [24, 25]. In this method,
the velocity of the gas flowing through the burner is
adjusted so that heat transfer to the burner is compen-
sated for by the controlled heating of the mixture, so the
heat loss balance (determined using microthermocou-
ples built into the burner surface) is close to zero.

For flame stabilization in the study of the flame
structure, the mixture flow velocity was set somewhat
below the free flame propagation velocity. For the cali-
bration flame, the mixture flow velocity was 42.5 cm/s
and the free propagation velocity was 47 cm/s. The ini-
tial conditions, mixture compositions, and flame prop-
agation velocities calculated using special-purpose pro-
grams [26–28] for the mechanism presented in [8] are
listed in the table.

The temperature profile in the flame was measured
with a 

 

SiO

 

2

 

-coated Pt/(Pt + 10% Rh) thermocouple
0.02 mm in diameter. The junction of the thermocou-
ple was placed at a distance of 0.2 mm from the tip of
the probe to take into account the perturbations
caused by the probe. The temperature profile thus
measured was used in simulations via the programs
presented in [26–28].

The sampler is known to perturb the flame structure.
This perturbation consists of thermal and gas-dynamic
effects. The thermal perturbation is flame cooling by
the sampler. In order to take into account this perturba-
tion, we measured temperature profiles with a thin ther-
mocouple (~0.04 mm in diameter) placed at a fixed dis-
tance (0.2 mm) from the sampler hole and introduced
these profiles into the calculation of concentration pro-
files in the flame via the above-mentioned programs
[26–28]. The gas-dynamic perturbation of the flame by
the probe was taken into account by “shifting” the mea-
sured concentration profiles in the flow upward relative

to the measured temperature profile and relative to the
calculated concentration profiles. The value of this
shift, 

 

∆

 

Z

 

, was estimated using the following semiem-

pirical formula [29]: 

 

∆

 

Z

 

 = 0.37

 

d

 

, where 

 

d

 

 is the

diameter of the probe hole, 

 

Q

 

 is the gas flow rate in the
probe hole, 

 

S

 

 is the cross sectional area of the probe
hole, and 

 

v

 

 is the velocity of the incoming gas flow. The
maximum shift corresponds to the shortest distance
between the probe and the burner surface and is
0.3 mm.

The concentration profiles of substances were mea-
sured using a molecular-beam sampling system and an
MS7302 quadrupole mass spectrometer equipped with
an improved ion source ensuring soft ionization [30].
The burning gas was sampled at various distances from
the burner surface using a quartz probe with a hole
diameter of 0.08 mm and a divergence angle of 

 

40°

 

.
The concentration profiles were obtained using calibra-
tion coefficients for the observed species. For the stable
components of the flame (

 

O

 

2

 

 and 

 

H

 

2

 

O

 

), these coeffi-
cients were determined by direct calibration. To do this,
we measured the intensities of the corresponding prin-
cipal ion peaks (

 

m

 

/

 

z

 

 = 32 and 18) for air containing
water vapor heated to 

 

200°ë

 

. Argon, which is a compo-
nent of air, provided a reference peak. Calibration coef-
ficients (

 

k

 

i

 

) versus that of argon were calculated using
the formula

 

k

 

i

 

 = 

 

C

 

i

 

I

 

40

 

/

 

C

 

Ar

 

I

 

i

 

, (1)

 

where 

 

I

 

i

 

 and 

 

I

 

40

 

 are the intensities of the mother ion
peak of the 

 

i

 

th compound and argon, respectively, and

 

C

 

i

 

 and 

 

ë

 

Ar

 

 are the mole fractions of the compound
being calibrated and argon, respectively.

The concentrations of atoms and radicals in the
flame were measured at an electron-impact ionization
energy of 16.2 eV. The H, O, and 

 

OH

 

•

 

 concentrations in

Q
Sv
-------

 

Experimental conditions

Parameter Rich 
flame

Calibration 
flame

Lean 
flame

 

φ

 

 = [H

 

2

 

]/[H

 

2

 

]

 

stoich

 

2 1.1 0.47

 

D

 

 = [O

 

2

 

]/([O

 

2

 

] + [N

 

2

 

]) 0.077 0.090 0.209

[H

 

2

 

], mole fraction 0.2355 0.1653 0.1642

[O

 

2

 

], mole fraction 0.0589 0.0751 0.1747

[N

 

2

 

], mole fraction 0.7056 0.7596 0.6611

Experimental flame velocity 
at the burner surface, cm/s

40.70 42.50 34.24

Experimental free flame 
propagation velocity, cm/s

41.1 47.0 55.0

Free flame propagation
velocity calculated using
the mechanism reported
in [8], cm/s

39.6 38.3 36.2



 

158

 

KINETICS AND CATALYSIS

 

      

 

Vol. 50

 

      

 

No. 2

 

      

 

2009

 

KOROBEINICHEV et al.

 

the flame were derived from the intensities of the corre-
sponding peaks in the mass spectrum by the well-
known method [31] that we used earlier for subatmo-
spheric hydrogen/oxygen flames [32]. This method is
based on the fact that detailed balancing among the fol-
lowing three fast reactions takes place in the combus-
tion product zone in hydrogen flames:

 

H

 

2

 

 + OH

 

•

 

 = H

 

2

 

O + H, (I)

H

 

2

 

 + O = H + OH

 

•

 

, (II)

O

 

2

 

 + H = OH

 

•

 

 + O. (III)

 

The corresponding equilibrium constants 

 

K

 

1

 

, 

 

K

 

2

 

, and 

 

K

 

3

 

are as follows [33]:

 

K

 

1

 

 = 0.113

 

T

 

0.0839

 

Â

 

7680/

 

T

 

, (2)

 

K

 

2

 

 = 1.8

 

T

 

0.027

 

Â

 

–917/T, (3)

K3 = 302T–0.374Â–8620/T. (4)

In this approximation, the expressions for the H, O,
and OH• concentrations appear as

[OH•] = (5)

[O] = (6)

[H] = (7)

In order to determine the concentrations of radicals
and derive calibration coefficients for the radicals H, O,
and OH• from the concentration data, we measured the
H2, O2, and H2O concentrations and flame temperatures
at several distances from the burner surface.

The H2 concentration in the zone of final combus-
tion products was determined chromatographically.
The hydrogen concentration in this zone is almost
invariable. The microprobe hole diameter was
0.08 mm, the outer microprobe diameter at the hole was
0.12 mm, and the tip angle was 20°. The flame gas was
sampled into a prepumped glass vessel until a pressure
of 301 Torr was reached. Thereafter, the sample was
diluted with nitrogen to a pressure of 756 Torr. During
sampling, water vapor was frozen out into a liquid-
nitrogen trap placed between the microprobe and the
glass vessel.

Using formulas (5)–(7), the concentrations of stable
compounds, and the equilibrium constants, we calcu-
lated the H, O, and OH• concentrations in the flame for
φ = 1.1 and D = 0.09 (D = [O2]/([O2] + [N2])) in the final
combustion product zone. Based on these data, we
determined the calibration coefficients for H and OH•.
We were unable to determine the calibration coefficient
for oxygen atoms with a sufficient degree of accuracy
because of their low concentration in the final combus-
tion product zone. According to our estimates, the rela-
tive accuracy of the atom and radical concentrations
derived in this study from mass spectrometric peak
intensities varies between 40 and 60% over the com-
bustion zone.

SIMULATION

The flame propagation velocity was simulated using
the program packages PREMIX and CHEMKIN-II
[26–28], which allow multicomponent laminar flames
to be described taking into account their thermodynam-
ics, kinetics, and transport properties and detailed reac-
tion mechanisms.

Three reaction mechanisms [7, 8, 34] were used in
the calculations. The multicomponent diffusion and
thermal diffusion of compounds in the flame were taken
into account; GRAD = 0.02 and CURV = 0.5.
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Fig. 1. (a) Temperature profiles and concentration profiles
for stable compounds in the H2/O2/N2 flame with φ = 1.1
and D = 0.09: (1, 1') O2, (2, 2') H2O, and (3, 3') H2. (b) Con-
centration profiles of (4, 4', 4'', 4''') H atoms and (5, 5', 5'',
5''') OH• radicals in the same flame. The symbols stand for
experimental data, and the lines represent the results of the
simulations using the mechanisms presented in (4', 5') [8],
(4'', 5'') [34], and (4''', 5''') [7].
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RESULTS AND DISCUSSION

Figures 1–3 show concentration profiles for the sta-
ble compounds (H2O, H2, and O2), H, and OH• mea-
sured in φ = 1.1, 0.47, and 2.0 flames, respectively. The
same figures present the results of the numerical simu-
lation of the flame structure using the three different
hydrogen oxidation mechanisms [7, 8, 34]. For all three
mechanisms, the calculated concentration profiles of
the stable compounds are in good agreement with
experimental data. The small discrepancy between the
experimental and calculated H2O concentration profiles
near the burner surface is due to the fact that the calibra-
tion coefficient for H2O varies with flame temperature
because of the formation of H2O clusters in the molec-
ular beam in gas sampling from the low-temperature
zone of the flame. Thus, the overestimation of the H2O
concentration near the burner surface in our experi-
ments arises from experimental errors.

The OH• concentration profiles measured in the φ =
0.47 and 1.1 flames are in satisfactory agreement with
the results of numerical simulation (Figs. 1b, 2). Note
that the measured OH• concentration peak is shifted
toward the final combustion product zone by ~0.10–
0.13 mm relative to the calculated peak. The maximum
OH• mole fractions measured in the φ = 0.47 and
1.1 flames are 2.0 × 10–3 and 9.1 × 10–4, respectively,
20–30% below the corresponding calculated values.

The H concentration profiles measured in the φ = 1.1
and 2.0 flames (Figs. 1b, 3) are also in satisfactory
agreement with the calculated data. As in the case of
OH•, the observed H concentration peak is slightly
shifted (by 0.10–0.13 mm) relative to the calculated
peak. This shift is due to the errors in taking into
account the perturbations caused by the sampler. The
maximum H mole fractions measured in the φ = 1.1 and
2.0 flames are 5.4 × 10–3 and 5.9 × 10–3, respectively, 16–

30% below the corresponding calculated values. The
equilibrium H mole fractions calculated for 1250 and
1160 K, the temperatures at which the H concentration
peaks in the φ = 1.1 and 2.0 flames take place, are 6.14 ×
10–8 and 3.2 × 10–8, respectively.

Thus, our experimental data are in satisfactory
agreement with the results of the calculations, the dis-
crepancy being within the experimental error. The
observed high, above-equilibrium concentrations of
intermediates are direct evidence of the branched chain
character of the reactions in the atmospheric hydrogen
flame and prove the correctness of the kinetic mecha-
nisms used in this study, as well as the correctness of
the methods developed for active species concentration
measurement in flames. An analysis of the sensitivity of
the calculated free propagation velocity of the atmo-
spheric H2/O2/N2 flame with φ = 1.1 and D = 0.09
(whose structure was studied in our experiments;
Fig. 1) to the rate constants of the elementary steps
included in the kinetic mechanisms demonstrated that
the most significant recombination reactions are  +

OH• = H2O + O2, H + H + M = H2 + M,  + H =

H2 + O2, H + O2(+M) = (+M), and H + OH• + M =
H2O + M. These reactions reduce the flame propagation
velocity (Fig. 4). The most significant reactions increas-
ing the flame propagation velocity are  + H =
OH• + OH•, OH• + H2 = H + H2O, O + H2 = H + OH•,
and H + O2 = O + OH•. Similar results for H2/O2/N2
flames of other compositions were obtained by numer-
ical simulation in other studies [35–37].

The rate profiles for the most significant elementary
steps and the temperature profiles for the freely propa-
gating flame (φ = 1.1, D = 0.09), presented in Fig. 5, are
consistent with the analysis of the sensitivity of the
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Fig. 2. OH• concentration profiles in the H2/O2/N2 flame
(φ = 0.47, D = 0.209): (1) experiment and (2–4) results of
numerical simulations using the mechanisms presented in
[7], [34], and [8], respectively.
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Fig. 3. H atom concentration profiles in the H2/O2/N2 flame
(φ = 2.0, D = 0.077): (1) experiment and (2–4) results of
numerical simulations using the mechanisms presented in
[7], [34], and [8], respectively.
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flame propagation velocity to the rate constants of the
elementary steps.

Thus, using molecular-beam mass spectrometry
with soft electron-impact ionization, we measured, for
the first time, the H and OH• concentration profiles in
flames with different hydrogen excess factors at 1 atm.
The high concentrations of intermediates measured in
this study are direct evidence of the branched chain
character of the reactions in the atmospheric hydrogen
flame. The experimental data are in good agreement
with the results of the numerical simulation of the flame
structure in terms of three different hydrogen combus-
tion mechanisms. It was demonstrated that molecular-
beam mass spectrometry is applicable to the detection
of atoms and free radicals in the investigation of igni-
tion and combustion at atmospheric pressure.
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