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Abstract

The effect of equivalence ratio (in the range 1.3-3) and dilution of unburnt gases by nitrogen on speed
and the structure of premixed atmospheric-pressure H,/O,/N, flames without additive and doped with
0.04% of trimethylphosphate ((CH30);PO, TMP) was studied experimentally and by modeling. By com-
paring modeling and experimental results we validated and refined the mechanism for flame inhibition
by organophosphorus compounds. Sensitivity analysis of flame speed to reactions of chain branching
and chain termination involving phosphorus-containing species revealed some features of the mechanism
for inhibition of hydrogen flames of various equivalence ratio and dilution ratio. It was shown that in
hydrogen, in contrast to hydrocarbon flames, reactions of radicals with TMP and organophosphorus prod-
ucts of its destruction play important role. The sensitivity analysis revealed the ratio of rates of chain ter-
mination reactions involving phosphorus-containing species to chain branching reaction to increase with
rising of equivalence ratio and dilution of unburnt gases. Therefore, the inhibition effectiveness of H,/
0,/N, flames expressed as a relative decrease of burning velocity rises in the range of equivalence ratio
from 1.1 to 3 (in contrast to hydrocarbon flames) and with dilution of unburnt gases.
© 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

During last decades a number of researchers
showed organophosphorus compounds (OPCs)
to be effective inhibitors and fire suppressants of
hydrocarbon flames [1-7]. However, addition of
OPCs (up to 0.5% by volume) to a low-pressure
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hydrogen flames results in a promotion effect,
1.e. increase of the flame speed [8]. It was revealed
that recombination of atoms and free radicals cat-
alyzed by OPCs combustion products (phospho-
rus oxides and acids) is an important part of the
mechanism for inhibition and promotion of a
flame by OPCs. A number of kinetic models for
flame inhibition and promotion by OPCs were
elaborated. The last and the most justified version
of the mechanism, which was developed on the
basis of experimental results on speed of TMP-
doped C;Hg/air flames and quantum-mechanical
calculations [9,10] was used for predicting many
experimental data including flame suppression
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[11], chemical structure of diffusive counterflow
[12] and premixed [13] hydrocarbon/air flames
doped with OPCs. In spite of a satisfactory predic-
tion of speed and structure of lean and stoichiom-
etric  flames, the mechanism  predicted
concentration profiles of labile species in rich
flames with lower accuracy [13]. To explain a
sharp decrease of the inhibition effectiveness of
hydrocarbon flames at ¢ (equivalence ratio)
>1.2-1.3 and a disagreement between modeling
and experiment [13], we proposed a formation of
inactive P- and C-containing species in rich
flames, which are not considered by the model.
That is why it was of interest to verify this sugges-
tion and to refine the mechanism by studying a
more plain H,/O, flame, which contains no car-
bon. The goal of the present paper was studying
of influence of OPCs additives on speed and struc-
ture of atmospheric-pressure H,/O,/N, flames of
various fuel/oxidizer ratios and in validating of
earlier developed mechanism by comparing exper-
imental and modeling results.

2. Experimental
2.1. Measurement of flame speed

The burning velocity was measured using a
heat flux method described in [14,15]. The setup
design was similar to that in Ref. [16]. Detailed
description of experiment is given in [13].

2.2. Measurement of flame structure

Premixed laminar H,/O»/N, flame was stabi-
lized on the flat burner similar to that in Ref.
[13]. The profiles of concentration of flame species
were measured using molecular beam mass spec-
trometric setup equipped with quadrupole mass
spectrometer MC 7302 with an ion source for soft
ionization by electron impact [17]. A quartz probe
with orifice of 0.08 mm in diameter and inner
angle of 40 deg. was used. The mass peaks corre-
sponding to H, OH, and P-containing species
(PCSs) were measured at low-ionization energy
(IE) to avoid the contribution of fragmentary ions
to the measured peaks. The IE for each of the
measured peaks is given in [17].

Systematic errors in measuring mass peak
intensities depended strongly on the concentration
of the corresponding species and the background
and were not higher than 5% (relative) for stable
species, 10-15% for H and OH; for PCSs they
were 15% for PO, PO,, and HOPO, 20% for
HOPO,, and 25-30% for (HO);PO.

The calibration coefficients for H, O, and OH
were determined based on partial equilibrium by
three “‘rapid” reactions: H, + OH =H,O + H,
H,+O=H+ OH, and O, + H= OH + O simi-
larly to [18]. Calibration measurements were made

for the flame with ¢ = 1.1 (¢ = [H,)/[H,]) and
dilution ratio D =0.09 (D =[0,)/([0,]+ [N,]),
where concentration of H,, O,, and H,O in
post-flame zone is high enough for measurements
with appropriate accuracy. The calibration coeffi-
cients obtained were used to determine concentra-
tion of radicals in the studied flame. We estimated
this method of calibration to provide a mean-
square error of £50%.

2.3. Measurement of flame temperature

Temperature profiles in the flames were mea-
sured by Pt-Pt+10%Rh IT -shape thermocouples
welded from wire 0.02 mm in diameter, covered
by a thin layer of SiO, to prevent catalytic recom-
bination of radicals on their surfaces. The result-
ing thermocouple has a diameter of 0.03 mm
and a shoulder length of about 3 mm, providing
negligible heat losses. The junction of the thermo-
couple was located at a distance of 0.25 mm from
the tip of the probe. Further details of the thermo-
couple design can be found elsewhere [19].

3. Modeling approach

The simulation of flame structure and burning
velocity calculations were performed with the use
of PREMIX and CHEMKIN codes. Experimen-
tally measured temperature profiles were used as
input data for flame structure simulations.

The flame structure was simulated using a
mechanism [10], which included 210 elementary
stages and 41 species.

4. Results and discussion

4.1. Effect of the equivalence ratio and the degree of
dilution with an inert on the speed of a H,/O,IN,
flame doped with TM P

Figure 1 presents the measured speeds of H,/
0,/N, flames versus ¢ in the range from 0.32 to
2.8 with the dilution ratio D in the range from
0.209 to 0.077. The same figure shows data [20]
obtained using a counterflow burner for a combus-
tible mixture at room temperature and converted
to the conditions of our experiments (¢, = 35 °C).
Good agreement between our and literature data
indicates the correctness of our measurements.
The flame speeds predicted by the model are
slightly lower than the experimental data.

The addition of 0.04% TMP (by volume) to the
flames leads to a significant decrease in their
speed. Figure 2 gives the measured flame speeds
(symbols) and those calculated (dashed curves)
using the model of [10] versus ¢ for a flame doped
with TMP. It is evident from Fig. 2 that the exper-
imental and calculated results differ by a factor of
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Fig. 1. Speed of H,/O,/N, flames with different dilution
ratios (D) versus equivalence ratio; symbols — experi-
ment (gray symbols — our data, open symbols [20]), lines
— modeling.
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Fig. 2. Speed of H,/O,/N, flames doped with 0.04%
TMP with different D versus equivalence ratio; symbols
— experiment, dashed lines — modeling using mechanism
[10], solid lines — modeling using the updated
mechanism.

1.3-2. This difference, however, is not due to sys-
tematic measurement errors. The observed dis-
agreements between the measured and calculated
speeds are different for flames with and without
TMP additives: for undoped flames, the flame
speed predicted by the model is slightly underesti-
mated, and for flames with the additive, it is
overestimated.

An analysis of the speed sensitivity of a H,/O,/
N, flame doped with TMP with respect to the rate
constants of the reactions involving P-containing

species shows that, in contrast to hydrocarbon—
air flames, the H,/O»/N, flame speed is the most
significantly sensitive to the primary stages involv-
ing TMP and its primary destruction products,
which proceed in the low-temperature flame zone.
These reactions are given in Table 1. It should be
noted that in methane-air and propane-air flames,
the flame speed was most significantly affected by
the atom and radical recombination reactions
involving phosphorus oxyacids, which proceed in
the high-temperature flame zone [17]. Because
the rate constants of the stages presented in Table
1 have previously been estimated only approxi-
mately [21], we changed the preexponential fac-
tors of their rate constants as is shown in Table
1 in order to obtain agreement between the calcu-
lated and measured speeds of TMP-doped flames.

The results of flame speed calculations using
the changed reaction rate constants are given in
Fig. 2. It is evident that the changed mechanism
provides an adequate description of the experi-
mental data on the effect of TMP additives on
the H,/O,/N, flame speed. We note that the sensi-
tivity coefficients for the same reactions in
CHy/air flames doped with TMP are negligibly
small. For example, for a CHy/air flame (¢
= 1.1, 0.06% TMP), the flame speeds calculated
for the original mechanism and the mechanism
with the changed rate constants of the three
reactions given above differ by only 0.2%. Thus,
the changed mechanism describes the propagation
speed of both hydrocarbon-oxygen and hydro-
gen—oxygen flames doped with TMP. The calcula-
tions showed that the change in the rate constants
of the reactions did not lead to appreciable
changes in the flame structure for ¢ = 1.6, includ-
ing the concentration profiles of the final products
of TMP conversion — PO, PO,, HOPO, and
HOPO:..

The changed rate constants of the three reac-
tion were used to calculate the dependence of
the inhibition effectiveness F (F= (U, — U)/U,,
where Uy and U are the speeds of the undoped
flames and flames doped with 0.04% TMP, respec-
tively) on ¢. The calculated dependences are pre-
sented in Fig. 3. It can be seen that F increases
as ¢ increases from 1 to 3 and as D decreases from
0.209 to 0.077. Modeling data with updated mech-
anism for D = 0.077 are in a good agreement with
experiment.

It is important to note that the dependence
of F on ¢ for H,/O,/N, differs from that for

Table 1

Three important reactions and pre-exponential factors of their rate constants before and after modification

Reaction A [101 Amodified
(CH30);PO + H = (CH30),PO(OCH,) + H, 22 % 10° 44 % 10°
(CH;0),PO(OCH,) + O = OP(OCH;),0 + CH,0 5.0 x 10" 1.0 x 10"
(CH;0),PO(OCH,) = OP(OCHj3), + CH,0 2.0 x 10" 2.0 x 102

@ Units are cm’, mol, s.
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Fig. 3. Inhibition effectiveness F for H,/O,/N, flames
doped with 0.04% TMP with different dilution ratios (D)
versus equivalence ratio; symbols — experiment, lines —
modeling using the updated mechanism.

hydrocarbon flames [13,22]. In hydrocarbon
flames doped with 0.06% TMP, the inhibition
effectiveness F increases slightly as ¢ increases
from 0.7 to 1.2-1.3, and a further increase in ¢
from 1.3 to 1.5 leads to an abrupt decrease in F
by a factor of 1.5 to 2 [13].

The addition of TMP to flames reduces the
maximum concentration of H atoms in the chem-
ical reaction zone of a flame. Figure 4 shows the
relative reduction in the maximum concentration
of H atoms A[H]nay (A[H]max=1 — [H]% /[H]
and OH radicals A[OHlhax (A[OHlhax =
1 — [OH]?, /[OH]". ) due to the addition of
TMP versus ¢, obtained from structure simula-
tions for freely-propagating flames without addi-
tives and with 0.04% TMP added. Where [H]nax
and [OH],.x — maximal concentrations of H and
OH in the flame zone, superscripts “d” and “0”
are related to doped and clear flames, respectively.
It is evident from Figs. 3 and 4, that there is a cor-
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Fig. 4. Relative decrease of H (solid lines) and OH
(dashed lines) maximal concentration in flames doped
with 0.04% TMP with different D versus equivalence
ratio; modeling data using the updated mechanism.
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Fig. 5. Sensitivity coefficients of speed of H,/O,/N,
flames (¢ = 1.6, D =0.077, 0.09, and 0.209) doped with
0.04% TMP to rate constants of reactions (1)-(3)
involving P-containing species; modeling is based on
mechanism [10].

relation between the dependences of F and A[H]
max and A[OH],.x on ¢ and D.

An analysis of the flame speed sensitivity coef-
ficients with respect to the reaction rate constants
for a flame with D = 0.09 shows (Fig. 5) that an
increase in ¢ from 1.1 to 1.9 primarily enhances
the role of the reactions of hydrogen atoms with
TMP and its primary destruction product:

(CH;0),PO + H = (CH;0),PO(OCH,) + H,

(1)
(CH;0),PO(OCH,) + H = (CH;0),PO (2

and the reactions with the HOPO species:
HOPO + H = H, + PO, 3)

These reactions are involved in the catalytic
recombination cycles of H atoms with the forma-
tion of H,. It is these reactions that are responsi-
ble for the rise in the inhibition effectiveness
with increasing of ¢. Generally, speaking about
catalytic cycles, responsible for scavenging of rad-
icals in OPC-doped flames, we usually mean reac-
tions involving phosphorus oxides and acids
because reactions of organophosphorus com-
pounds in most cases play minor role in inhibition
processes. But in these specific flames reactions of
OPCs with active species are of importance.

An analysis of the speed sensitivity coefficients
of TMP-doped H,/O,/N, flames with respect to
the rate constants of the main hydrogen combus-
tion reactions and the reactions involving P-con-
taining species revealed the main stages
responsible for an increase in F with decreasing
D. From the data given in Fig. 6 for the main
hydrogen combustion reactions, it is evident that
a decrease in D leads primarily to a growth in
the role of the H + O, = O + OH branching reac-
tion. In flames with ¢ = 1.6, the flame speed sen-
sitivity coefficient with respect to the rate constant
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Fig. 6. Sensitivity coefficients of speed of H,/O,/N,
flame (¢ =1.6, D=0.077, 0.09, 0.209) doped with
0.04% TMP to rate constants of 10 key reactions of
hydrogen combustion.

of this reaction increased by a factor of 4 as D
decreased from 0.209 to 0.077. In addition, the
sensitivity coefficient for this reaction is much lar-
ger than that of the remaining reactions. Further-
more, dilution with N, changes the role of the
H + O5(+M) = HO,(+M) recombination reac-
tion, for which the sensitivity coefficient is nega-
tive for flames with dilution coefficients D =
0.077 and D = 0.09 and is positive for D = (0.209.

However, an analysis of the flame speed sensi-
tivity to the rate constants of chain termination
reactions — radical recombination upon interac-
tion with TMP and its destruction products
(Fig. 7) — show that decreasing D increases the
sensitivity to these reactions much more strongly
than the sensitivity to the branching reaction con-
stant rate. For example, as D decreases from 0.209
to 0.077, the sensitivity coefficient with respect to
the rate constants of reactions (1) and (2)
increases by a factor of 8 and 20 times, respec-
tively. This is much greater than the increase in
the flame speed sensitivity coefficient with respect
to the branching reaction. An analysis of the sim-
ulation results shows that, a decrease in D from
0.209 to 0.077 also results in a factor of 2-5
increase in the ratio of the maximum rate of
recombination of H atoms by reactions (1) and
(2) to the maximum rate of the branching reac-
tion. It is this factor that is responsible for the
increase in the inhibition effectiveness F with
decreasing D, and, possibly, for the increase in F
with increasing of ¢. Thus, the ratio of the chain
termination rate to the chain branching rate is
an important parameter that determines the
hydrogen—oxygen flame speed.

PO[OMe] 3+OH=PO[OH][OMe] 2+CH30
PO[OMe]2[0CH3]=PO[OMe]3 +CH20
PO[OMe] 2[OCH 2]+0=PO[OMe] 20+CH20
PO[OMe] 3+OH=PO[OMe] 2[OCH 2]+Hp0
o PO[OMe] 3+H=PO[OMe]2[OCH]+H,
< PO[OMe] 2[OCH 2]+H=PO[OMe] 3
-] CH3+0=CH0+H
a CH3+H(+M)=CH 4 (+M)
HOPO+OH=P0,+H,0
HOPO+0=0H+PO,
HOPO+H=H2+P03
HOPO2+H=PO2+H20
HOPO+OH=P0,+H,0
(=23
e
o
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]
o
i
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Fig. 7. Sensitivity coefficients of speed of H,/O,/N,
flame (¢ =1.6, D=0.077, 0.09, 0.209) doped with
0.04% TMP to rate constants of 13 key reactions of
the inhibition mechanism [10] involving P-containing
species.

4.2. Structure of rich flames H,/ O,/ N, flames doped
with TMP

For a rich H,/O,/N, flame doped with 0.04%
TMP with an equivalence ratio ¢ =1.6 and
D =0.09, temperature and concentration profiles
of stable species (O,, H,0), radicals (H and
OH), and P-containing species PO, HOPO, PO,,
and HOPO, were measured and simulated. The
simulation was performed with the use of mecha-
nism [10], in which the rate constants of three
reactions were changed. The measured and simu-
lated concentration profiles of the stable species
(0,, H,O, TMP) were compared and found to
be in satisfactory agreement (within experimental
errors). Figure 8 gives the measured and simulated
concentration profiles for H and OH. The change
in the rate constants of the reactions given in
Table 1 had no significant effect on the simulated
concentration profiles of H atoms and OH
radicals.

In the flame at a distance of 2—-15 mm from the
burner surface, the main P-containing species are
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Fig. 8. Profiles of concentration of H and OH in H,/O,/
N, flame (¢ = 1.6, D =0.09) doped with 0.04% TMP;
symbols — experiment, solid lines — modeling using
mechanism [10], dashed lines — modeling using the
updated mechanism.

0.0005

0.0004

on

0.0003

0.0002

Mole fract

0.0001

S ====pomcrrd
01 2 3 4 5 6 7 8 9 10 11 12
Height above burner, mm

Fig. 9. Profiles of concentration of PO and HOPO in
H,/0,/N, flame (¢ = 1.6, D =0.09) doped with 0.04%
TMP; symbols — experiment, lines — modeling using the
updated mechanism.

PO and HOPO. Their concentration profiles in
the flame are presented in Fig. 9. The PO concen-
tration in the combustion zone increases and
reaches the maximum at a distance of 2 mm from
the burner surface, after which it decreases to
almost zero at a distance of 6-8 mm. The results
of the study show that the updated mechanism
provides a good description of the experimental
flame structure data.

5. Summary

This study performed revealed a number of
features of the mechanism for inhibition of diluted
H,/0,/N, flames at atmospheric-pressure. It was
shown that inhibition effectiveness, expressed as
a relative decrease of flame speed or maximal H
and OH concentration with addition of the inhib-
itor, in contrast to hydrocarbon flames, increases
with rising of ¢ and decreasing of D. The sensitiv-
ity analysis revealed that it occurs due to a rise of
ratio of rate of chain termination in reactions

involving the inhibitor to rate of chain branching.
This in its turn occurs because of a decrease of
flame temperature with increasing of ¢ and dilu-
tion. It is noteworthy that the change of composi-
tion of phosphorus species with ¢ also contributes
to a rise of the inhibition effectiveness [10]. The
reducing of flame temperature appreciably influ-
ences on rate of chain branching and only slightly
on chain termination through reactions involving
the inhibitor. It happens due to low-activation
energies of key reactions, responsible for inhibi-
tion, and relatively high activation energy of chain
branching reaction.

The earlier developed mechanism for flame
inhibition by OPCs was shown to predict unsatis-
factorily the speed of strongly diluted H,/O»/N,
flames doped with OPCs. The sensitivity analysis
demonstrated the reaction of radicals with TMP
and some products of its destruction to play major
role in these flames. The modification of rate con-
stants of three important reactions (within accu-
racy of their determination) allowed obtaining a
satisfactory agreement between simulated and
measured speed of the flames.
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