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Abstract

The applicability of molecular beam mass spectrometry (MBMS) in studying the structure of counterflow flames
has been tested by investigating a counterflow flame of CH4/N2 and O2/N2. The thermal structure of the flame
was examined using a microthermocouple; the concentration profiles of such stable species as CH4, O2, and
CO2 were measured by sampling with a microprobe and MBMS at various positions. The microprobe did not
disturb the flame. However, the sonic probe, when inserted into the flame transverse to the burner axis to measure
the centerline concentration profiles, produced a significant disturbance of the flame. But no such disturbance
was observed when the tip of the sonic probe was located at the periphery of the burner. Good agreement was
obtained between the concentration profiles of stable species, as measured using a microprobe and a sonic probe
at the periphery of the burner. To verify the applicability of MBMS for detecting radicals and other labile species
in a counterflow flame, the concentration profiles of H, OH, and the main phosphorus-bearing species in the
counterflow flame doped with trimethylphosphate (TMP) were measured by MBMS at the periphery of the burner
and compared with results of modeling using the OPPDIF code and a mechanism for the combustion of TMP,
tested previously in premixed flames of methane and oxygen with TMP as an additive. Good agreement was
obtained between the measured and simulated concentration profiles for the reagents, as well as for the final
and intermediate products with relatively high molecular weights (PO, PO2, HOPO, HOPO2). The measured
concentration profiles of species with low molecular weights (H2O, CO2, OH, H) were found to be broader than
the calculated ones—in fact, the lower the molecular weight, the wider was the profile. This is probably due to a
real flame not being one-dimensional.
© 2007 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Molecular beam mass spectrometry (MBMS) is
one of the most effective techniques for studying the
chemical structure of a flame. It allows one to iden-
Published by Elsevier Inc. All rights reserved.
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tify both stable and labile species, including atoms
and free radicals, as well as to measure their concen-
trations and their spatial distributions. A comparison
of experimental results with modeling of the struc-
ture of a flame provides information on the mecha-
nisms and kinetics of the major chemical reactions
occurring. Although MBMS has been widely used
to explore the chemical structure of flames stabilized
on a flat burner, there have been no MBMS stud-
ies of the structure of counterflow diffusion flames,
which have recently become a subject of increased
interest. In previous studies e.g., [1–5], the structure
of counterflow flames has been studied by sampling
with a quartz microprobe with a subsequent chro-
matographic analysis of the sample. A major advan-
tage of sampling with a microprobe is the negligible
thermal and gas-dynamic perturbations of the flame
induced by a microprobe. Quenching a chemical reac-
tion in the sample and thus the measurements of con-
centration profiles are known to depend significantly
on such parameters of the probe as its internal angle,
the diameter of the orifice, and the nature of its inter-
nal surface, because heterogeneous reactions do take
place on the hot inner walls of the microprobe. Con-
sequently, with a microprobe, labile species (atoms,
radicals), as well as many stable species, can decom-
pose or react on the inner walls of the microprobe as
well as in the gas phase. In the above papers as well
as in many other works, only the size of the orifice
(∼0.06–0.5 mm) and the diameter (∼0.1–1 mm) of
the outer tip were specified. However, the value of the
internal angle does not allow one to estimate the qual-
ity of the measurements. Of course, the internal angle
of the cone characterizes the sample’s freezing. Gas-
phase chemical reactions are known [6] to occur in
probes with too wide an internal angle. Height et al.
[7] attached an alumina capillary to an alumina tube
(O.D. 1.6 mm) as a probe for studying the structure
of counterflow natural gas/air flames. Choking in the
probe should be experimentally verified by measuring
flow rates of postflame gases through the microprobe,
while varying the back pressure in the sampling sys-
tem, similarly to [8,9]. However, in most works, this
testing was not carried out. We conclude that using
capillaries or microprobes with small cone angles for
gas sampling can cause errors in measurements of
concentrations in a flame.

A diffusive counterflow flame of CH4/N2 and
O2/N2 doped with trimethylphosphate (TMP) is very
appropriate for verifying the applicability of MBMS,
which has been extensively used to study the struc-
ture of premixed flames doped with organophospho-
rus compounds (OPCs) [10–24]. It has been shown
that the phosphorus oxides catalyze the recombina-
tion of the radicals H, O, and OH [15–17] and so play
a key role in flame inhibition by OPCs. Several de-
tailed reaction mechanisms for OPCs, including TMP,
have been developed previously [10,19,25–28], but
there are still significant gaps and uncertainties in the
inhibition mechanism. In addition, there are discrep-
ancies between experiments and simulations. To im-
prove existing kinetic models, one needs a wide range
of measurements of the structure and burning veloc-
ity of premixed and diffusion flames. One gap is in
experiments on the structure of counterflow flames
with OPCs as additives. Laser-induced fluorescence
(LIF) has been used to measure concentration pro-
files for OH radicals in counterflow flames doped with
OPCs [10,12,13,29,30]. However, it is especially nec-
essary to also have experimental profiles of both sta-
ble and labile species, such as the hydrogen atom, PO
and PO2 radicals, and other P-bearing species, such
as HOPO, HOPO2, and PO(OH)3. The latter cannot
be detected by microprobe sampling techniques or
LIF. MBMS studies of the structure of counterflow
flames doped with OPCs have not been reported un-
til now. This study is of a counterflow diffusion flame
of CH4/N2 and O2/N2 without an additive and with
TMP added to the oxidizer flow. The goal of this work
was to verify the applicability of MBMS in determin-
ing the structure of counterflow flames. In addition,
this MBMS study aims to validate a previously de-
veloped mechanism of flame inhibition by OPCs by
comparing measurements with the results of simula-
tions of flame structure.

2. Experimental details

A counterflow diffusion flame of CH4/N2 (0.2/0.8)
and O2/N2 (0.4/0.6) was stabilized on an opposed-
jet burner at atmospheric pressure (755 ± 5 Torr).
Fig. 1 shows the burner. The reactants passed through
nozzles, which were straight quartz tubes; flowing ni-
trogen was used as a sheath. The volumetric flow rates
for the streams of fuel and oxidizer under ambient
conditions were both 20 ml/s and were set with an

Fig. 1. Counterflow burner.
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accuracy of ∼1%, being controlled by mass flow con-
trollers (MKS Instruments) operated by a PC.

The flame had a global strain rate of 358 s−1, as
calculated using the equation [31]

(1)a = 2Vox

L

(
1 + Vf

Vox

(
ρf

ρox

)1/2
)

,

where L is the separation distance between the noz-
zles, V is the mean axial velocity at the nozzle exit,
and ρ is the gas density. The subscripts ox and f refer
to the oxidizer and fuel, respectively.

TMP was added into the oxidizer flow using a neb-
ulizer and a syringe pump. The nebulizer has been
described earlier [32]. The oxidizer stream was main-
tained at 90 ◦C to ensure evaporation of the TMP
aerosol and to prevent TMP from condensing onto the
walls of the tubes. The distance between the nebulizer
and the oxidizer nozzle was ∼22 cm. Estimates [18]
show that the evaporation time of drops in the TMP
aerosol is much less than the residence time of the
drops in the oxidizer flow. The temperature of the fuel
stream was 22–24 ◦C.

Spatial distributions of the concentrations of vari-
ous species in the flame were obtained using micro-
probe and molecular beam sampling systems, cou-
pled with a quadrupole mass spectrometer MS-7302
with soft ionization by electron impact. The results
obtained by microprobe sampling are compared be-
low with measurements using MBMS to verify the
use of MBMS for the determining the structure of
such a counterflow flame. The quartz microprobe was
100 mm long and constructed of 6.0-mm O.D., 3.8-
mm I.D. quartz tubing, tapering to an orifice with
a diameter of 0.04 mm; the wall thickness near the
orifice was 0.08 mm and the opening angle near the
orifice was 20◦. The microprobe was connected to
the inlet system of the mass spectrometer. The mole-
cular beam mass spectrometric setup has also been
detailed previously [33]. The opening angle of the
“sonic” probe was 40◦, the orifice diameter 0.08 mm,
the wall thickness near the orifice 0.08 mm, and the
height of the cone 22 mm. Ionization energies (IE)
used for measurements of mass peak intensities and
ionization potentials (IP) of the species are presented
in Table 1. The reasons for preferring the IE values
used have been given [23]. During the measurements,
the opposed-jet burner axis was positioned horizon-
tally, since the MBMS setup [33] does not allow the
burner axis to be located vertically. The burner po-
sition was found not to affect the measurements of
flame structure. This was justified by measurements
of temperature profiles using a microthermocouple,
which showed that temperature profiles do not depend
on whether the burner’s axis was vertical or horizon-
tal.
Table 1
Ionization energies used for measurements of mass peak in-
tensities and ionization potentials of the species

Compound m/e IP (eV) IE (eV)

H 1 13.6a 16.2
CH4 15 12.98a 18
OH 17 12.9a 16.2
H2O 18 12.6a 16.2
O2 32 12.07a 18
CO2 44 13.79a 17.5
PO 47 8.2a, 8.3b 12.8
PO2 63 10.6b 12.8
HOPO 64 10.3b 12.8
HOPO2 80 12.4b 14.5
TMP 140 9.76a 21

a Reference data [34].
b Data obtained in [23].

Temperature profiles along the axis of the burner
and at a specified distance from the axis were obtained
using a Pt–PtRh(10%) Π -shaped thermocouple [33]
welded from wire 0.02 mm in diameter. To prevent
catalytic processes on the thermocouple, it was coated
with a thin layer of SiO2. The total diameter of the
thermocouple with the SiO2 layer was 0.05 mm. The
total length of the thermocouple’s shoulders was 1 cm
(i.e., greater than the outer diameter of the burner noz-
zles) to minimize any perturbations of the flame by
the thermocouple. Radiation corrections for the SiO2
coating were made using Kaskan’s formula [35]. The
errors in temperature measurements were ∼ ±40 K at
the 95% confidence limit.

The concentrations of CH4, O2, CO2, and TMP
were determined using the relation

(2)C = IC0/I0,

where C is concentration, I the intensity of a peak
in the mass spectrum of a sample, and C0 and I0
are the values for a mixture of known composition.
The errors in determining the concentrations of CH4,
O2, and CO2 were ∼ ±8%. Peak intensity profiles
for H and OH in the doped flame were measured im-
mediately after making measurements in the undoped
flame. The errors in measuring the peak intensities for
H and OH were ±24 and ±15%, respectively.

The simulations showed that at the point of
maximum flame temperature, concentrations of P-
compounds were close to those of thermodynamic
equilibrium, within an accuracy of 20% (PO, PO2),
30% (HOPO), or 10% (HOPO2). Based on this, the
calibration coefficients for P-bearing species were
determined by comparing the equilibrium concentra-
tions and mass peak intensities at the point with the
maximum flame temperature. The resulting calibra-
tion coefficients were close to those obtained previ-
ously [21]. The error in measuring the intensities of
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a peak corresponding to a P-species was ∼ ±10% of
the maximum peak intensities.

3. Modeling

Modeling of a counterflow flame was done using
OPPDIF Code [36] from the Chemkin II Suite [37].
The calculations were performed for both potential
and plug flow boundary conditions. These cases of
boundary conditions are idealizations. The measure-
ments indicate that the actual velocity field lies some-
where between the two approximations [38]. The cal-
culations performed showed that the concentration
profiles depend on the flow’s boundary conditions
only slightly. Therefore, in the present paper, we give
only the numerical results for plug flow boundary
conditions. In the calculations, we used the GRI 3.0
mechanism [39], thermochemical data for phosphorus
species [41], and a detailed chemical kinetic mech-
anism for TMP [28], as validated on measurements
of the burning velocity and structure of flat premixed
methane flames doped with TMP [40].

4. Results and discussion

MBMS provides information about the spatial dis-
tribution of atoms, radicals, and other unstable species
in a flame and thus offers an advantage over mass
spectrometry with a microprobe. However, the per-
turbations of a flame by the microprobe are smaller
than those by a “sonic” probe. Our visual observa-
tions showed that the “sonic” probe, when inserted
into a flame at a right angle to the axis of the burner
(for sampling parallel to this axis), produced a sig-
nificant disturbance of the flame; i.e., the luminous
disc of the flame was observed to be distorted consid-
erably. However, similar insertion of the microprobe
into the flame did not cause any such perturbation.
Even so, no distortion of the flame’s luminous disc
was observed visually when the tip of the “sonic”
probe was located at a distance r = 3.3 mm, i.e., at
the periphery of the flame. This distance coincides
with the inner radius of the burner’s nozzles. In the
OPPDIF code, all dependent variables were assumed
to be functions only of the axial coordinate, so that
concentrations did not depend on this radial coordi-
nate. We checked this assumption experimentally by
measuring the axial profiles of both temperature and
concentration in a counterflow flame without addi-
tives and at various distances from the axis using the
microprobe and microthermocouple. In addition, we
calculated the profiles of temperature and concentra-
tions along the burner’s axis and compared the results
with the measurements. Thus, Fig. 2 shows the cal-
culated and measured temperature distributions in the
flame along the burner axis at various radial distances
from the axis in the range from r = 0 to 5 mm. The
temperature profiles measured at distances from the
burner axis of r = 0 to r = d/2 = 3.3 mm (d is the
inner diameter of the burner nozzles) agree with each
other and with the calculated profile within experi-
mental error. However, the width of the experimental
profiles for r > d/2 is greater than that for r < d/2.
Thus, the results in Fig. 2 show that the thermal struc-
ture of this counterflow flame is one-dimensional at
distances from the burner axis not exceeding the in-
ner diameter of the burner nozzles.

Microprobe sampling was used to measure the
concentration profiles of the stable species CH4, O2,
and CO2 along the axis at various r . Fig. 3 shows
the results of microprobe sampling along the axis,
i.e., at r = 0 (black symbols), and on the flame’s pe-
riphery at r = 3.3 mm (gray symbols). Fig. 3 reveals

Fig. 2. Temperature distribution in undoped flame along the
axis of the burner and at various distances r from the axis
(r = 0 to 5 mm). Symbols show measurements; curves are
computed results.

Fig. 3. Concentration profiles of some stable species in the
flame. White symbols are measurements obtained with a
“sonic” probe at the flame’s periphery (r = 3.3 mm) using
MBMS. Black and gray symbols are measurements obtained
by microprobe sampling on the axis and at the flame’s pe-
riphery, respectively. Curves are computed results.
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Fig. 4. Concentration profile of H2O in undoped counterflow
flame. MBMS measurements (symbols) were performed at
the flame’s periphery (r = 3.3 mm). The curve is the com-
puted result.

good agreement (within experimental error) between
measurements at r = 0 and 3.3 mm and simulated
concentration profiles of O2 and CH4. However, the
measured concentration profile for CO2 is broader
than the calculated one. Since the “sonic” probe posi-
tioned at the periphery of the burner does not disturb
the flame, it was used there for measuring the concen-
tration profiles of stable species. These measurements
are plotted in Fig. 3 (open symbols), together with
the profiles obtained from microprobe sampling and
modeling (curves). One can see that the experimen-
tal results obtained by the microprobe and “sonic”
probe are in fairly good agreement with each other.
This indicates that any perturbations of a flame by the
“sonic” probe when sampling at the periphery of the
flame (at r = d/2) do not exceed the perturbations
by the microprobe. The measurements on the burner’s
periphery using MBMS, as well as the calculated con-
centrations profiles for H2O, are shown in Fig. 4. The
experimental profile is seen to be wider than the cal-
culated one, as was observed for the profile of CO2.

Figs. 5 and 6 show peak intensity profiles (in ar-
bitrary units) obtained using MBMS for H atoms
and hydroxyl radicals in the flame doped with 0.2%
TMP and without additive (symbols). Modeling re-
sults (curves) are also presented in Figs. 5 and 6.
The measurements and results of modeling indicate
that the addition of 0.2% TMP reduces the peak con-
centrations of H and OH and the widths of the pro-
files. This agrees with LIF measurements [29,30],
which noted that the addition of inhibitors (TMP
or dimethylmethylphosphonate) to diffusion counter-
flow flames of methane and air reduced the maximum
concentration of OH, as well as the width of its pro-
file. The addition of TMP to lean and rich premixed
flames of CH4/O2/Ar stabilized on a flat burner also
decreases [40] the concentrations of H and OH in
the reaction zone, with the reduction of [H] being
Fig. 5. Spatial distribution of [H] in the counterflow flame
doped with 0.2% TMP and without additive. Experimental
measurements (symbols) were obtained with MBMS at the
flame’s periphery (r = 3.3 mm). The curves are computed
results.

Fig. 6. Spatial distribution of [OH] in the counterflow flame
doped with 0.2% TMP and also without an additive. MBMS
measurements (symbols) were performed at the flame’s pe-
riphery (r = 3.3 mm). The curves are computed results.

more severe than that of [OH]. However, no experi-
mental information can be found in the literature on
concentration profiles for [H] in diffusion counter-
flow flames. The reduction in maximum values of
[H] and [OH] on adding TMP amounted to ∼38 and
45%, respectively. This is consistent with modeling
of [H], but the calculated reduction of [OH] from its
maximum is only 10%, i.e., considerably lower than
determined experimentally. From Figs. 5 and 6, it is
evident that the widths of the experimental profiles of
[H] and [OH] at half maximum (FWHM) are greater
than those predicted by ∼3.8 and 2.5 times, respec-
tively. However, good agreement has been observed
[29,30] between calculated [OH] profiles and those
measured along the axis using the noninvasive LIF
technique.

As shown before [29,30,42], the reduction in the
total integrated [OH] is a very useful parameter for
estimating the effectiveness of flame inhibitors, be-
cause it provides information on changes in both the
peak concentration of OH and the width of its pro-
file. Similarly, the effectiveness of an inhibitor can be
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Fig. 7. Spatial distribution of major P-bearing species in the flame doped with 0.2% TMP. Symbols show experimental measure-
ments; the curves are computed results.
estimated in terms of the reduction in the total inte-
grated concentration of free H atoms. The reduction
in the total integrated [H] on adding 0.2% TMP was
measured to be 42%, but was 41% from the simu-
lated profiles. This is good agreement, in spite of the
considerable discrepancy between the FWHM of the
measured and calculated profiles of [H]. A reduction
of total integrated [H] by the presence of the dopant
was justified by calculations modeling various load-
ings of the dopant. This substantiates the possibility
of using this parameter for estimating the effective-
ness of an inhibitor.

The broadening of the profiles of [H], [OH],
[CO2], and [H2O] discovered above may be caused
by two factors: the quasi-one-dimensional nature of
the flame and perturbations of the flame induced by
the probe. Neither of these factors was studied ex-
perimentally in this work. However, the results of a
two-dimensional simulation of a counterflow flame
of H2/N2 and O2/N2 [43] provided important evi-
dence for the first factor. These results were compared
with those obtained using the OPPDIF Code. The
flame studied by Frouzakis et al. [43] was shown to
be one-dimensional near the axis of the burner, but
this broke down on moving away from the axis, espe-
cially for species with a high diffusivity (H, H2, OH).
These results [43] demonstrated that the profiles of
[OH] and the temperature were wider near the edge
of the burner tube than on the axis of symmetry. In
fact, there was a more pronounced radial dependence
of [OH] and temperature for r > d/2. Of course, it
is impossible to apply these findings quantitatively
to this study, because the results were obtained for
counterflow flames with different compositions and
under different conditions. However, comparing the
modeling results [43] qualitatively with the above
measurements, one can arrive at the following rela-
tion: the lower the molecular weight of the species
(i.e., the greater the diffusion coefficient), the more
dramatic is the widening of a concentration profile. In
support of this claim, the diffusion coefficients for H,
OH, H2O, and CO2 were determined at the maximum
flame temperature (∼1960 K) using the CHEMKIN
Code to be 33.4, 8.2, 7.3, and 4.2 cm2/s, respectively.
Another substantiation of the above claim is the satis-
factory agreement between measured (using MBMS)
and simulated concentration profiles of TMP, PO,
PO2, HOPO, and HOPO2 in the counterflow flame
doped with 0.2% TMP. These are presented in Fig. 7.
The diffusion coefficients for these species differ from
each other only slightly. At the maximum flame tem-
perature, they range from 2.6 to 3.5 cm2/s, i.e., less
than for CO2.

A probe is known [44] to generate thermal and
gas-dynamic perturbations of a flame, especially
when MBMS is used. Attention has been given to flat
premixed flames [45,46], as well as to the sampling
of ions [47]. The perturbation of a flame depends on
many factors, including the probe’s characteristics.
In particular, the quartz cone (inner angle 45◦, wall
thickness 1 mm) and its effect on the measured con-
centration of various species in a premixed flame of
propene, oxygen, and argon have been studied [46].
The concentration profiles calculated using perturbed
temperature profiles have been shown [46] to be af-
fected by the probe differently: one group of concen-
tration profiles was perturbed more than the other.
Interestingly, these findings are consistent with the
results obtained in the current work with a counter-
flow flame: the widening of the concentration profiles
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Fig. 8. Temperature profiles in the undoped counterflow
flame. Symbols are thermocouple measurements on the
flame’s periphery (r = 3.1 mm) in front of the tip of the
probe (at 0.2 mm from the tip) and without a probe. The
curve is a calculated result along the axis.

of the lighter species H, OH, H2O, and CO2 not only
because of upsets to the quasi-one-dimensional nature
of the flame, but also due to significant perturbations
by the probe.

To estimate how significant are the thermal pertur-
bations, temperature profiles in the flame were mea-
sured with a thermocouple placed in front of the tip
of the probe. In Fig. 8, temperature profile in the un-
doped flame, as measured by a thermocouple placed
at 0.2 mm in front of the tip of the probe, which is sit-
uated at r = 3.3 mm from the axis, is presented. The
calculated profile of temperature along the axis of the
burner and the profile measured by the thermocouple
without the probe are shown for comparison. One can
see that the presence of the probe does not change the
maximum flame temperature (within experimental er-
ror). However, it increases the temperature near the
nozzles. The FWHM for the temperature profile mea-
sured with the probe present is observed to be ∼10%
bigger than without the probe. This demonstrates that
this probe slightly perturbs the counterflow flame.

Thus, it seems that measurements using MBMS
can be predicted by a one-dimensional model, with-
out taking into account perturbations by the probe,
provided the species concerned has a high molecular
weight (i.e., low diffusion coefficient). When concen-
tration profiles of light species with high diffusivity
are measured, a widening of the profiles in compari-
son with that predicted by the one-dimensional model
is found. On the other hand, measured concentration
profiles of reagents, which do have low molecular
weights (CH4, O2), are consistent with the simu-
lated ones. This is probably due to the structure of
a real flame not being one-dimensional. This should
be taken into account in comparing experimental and
modeling (using the OPPDIF code) data.

The temperature in the flame reaches a maximum
at approximately l = 3.1 mm (l is the distance from
the fuel nozzle). One can distinguish two combustion
zones in the flame (see Fig. 3): the first is the fuel-rich
zone at l < 3.1 mm, and the second is the fuel-lean
zone at l > 3.1 mm. An analysis of Fig. 7 leads to the
following conclusions. The maximum concentration
of HOPO2 is in the fuel-lean flame zone, and the max-
imum concentration of HOPO is on the fuel-rich side.
This accords with the measurements and modeling of
premixed flames doped with TMP [27,40]: in a rich
flame HOPO prevails over all the other P-species in
the postflame zone, whereas in a lean flame the major
P-bearing product in the postflame zone is HOPO2.
The peak concentrations of PO and PO2 are near the
maximum temperature. It is clear that the inhibition
mechanism [28] predicts well the concentrations pro-
files of the measured P-bearing species.

5. Conclusions

The thermal structure of a counterflow flame has
been examined with a microthermocouple; the con-
centration profiles of stable species such as CH4, O2,
and CO2 were measured by microprobe sampling and
by MBMS. The microprobe did not disturb the flame.
However, a sonic probe inserted into the flame trans-
verse to the axis produced a significant disturbance of
the flame. But no disturbance of the flame was ob-
served when the tip of the sonic probe was located at
the periphery of the burner. The concentration pro-
files of stable species measured by the microprobe
and sonic probe at the periphery of the burner agreed
with one another.

The concentration profiles of free hydrogen atoms,
hydroxyl radicals, and the main phosphorus-bearing
species (PO, PO2, HOPO, HOPO2) were measured
by MBMS in the counterflow flame doped with TMP
at the periphery of the burner and compared with pro-
files simulated using the OPPDIF Code and a combus-
tion mechanism for organophosphorus compounds.
Good agreement was obtained between measured and
simulated concentration profiles for the final and in-
termediate products with high molecular weights (PO,
PO2, HOPO, HOPO2). This fact validates the ki-
netic mechanism used for organophosphorus com-
pounds [28]. The measured concentration profiles of
final and intermediate species with low molecular
weights (H2O, CO2, OH, H) were observed to be
broader than the calculated ones; in fact, the lower
the molecular weight, the wider is the profile. On the
other hand, the measured concentration profiles of the
reagents (CH4, O2, with low molecular weight) are
consistent with the simulated ones. This is probably
due to a real flame not being one-dimensional. The
obtained results confirm the applicability of MBMS
for measuring concentration profiles of species with
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a relatively high molecular weight in opposed-jet
flames.
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