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Abstract

Acetylene decomposition flame propagation was numerically analyzed and was found to be the result of the
condensation reaction. Condensation processes provide reaction heat and act as a driving foide flam@
propagation. The kinetic model reasonably predicts the level of burning velocity of the acetylene decomposition
flame. The model does not demonstrate the relatively strong positive pressure dependence of burning velocity
as was observed experimentally in the work of Cummings et al. [Proc. Combust. Inst. 8 (1962) 503-510]. Heat-
release kinetics demonstrates a two-stage process. The first stage corresponds to heat release due to benzene
formation, and the second stage of heat release corresponds to soot inception and carbonization processes. It was
demonstrated that the burning velocity is sensitive to the surface growing rate constant. The use of a simplified form
of presentation of the surface growing process [P.R. Lindstedt, in: Soot Formation in Combustion: Mechanisms
and Models, Springer-Verlag, Berlin/New York, 1994, pp. 417-441] represents positive thermal feedback in the
heat generation in a flame reaction zone.
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1. Introduction we found that the high burning velocities of very
lean silane mixtures, which were observed experi-
There are a number of combustion systems with mentally, are the result of product condensation in
initial reactants in the gas phase and with formation the flame reaction zone [1]. Condensation processes
of one (or several) of the products in the solid state. Provide a relatively large heat release leading to a
The mechanism of flame propagation with condensa- substantial increase in burning velocity. Another ex-
tion of products in the flame reaction zone is of in- ample of such a flame is the acetylene decomposi-
terest for studies of inhibited flames, CVD processes, tion flame. Decomposition reaction is an endothermic
synthesis of new materials, and sooting flames. Of Process if we assume formation of carbon is in the
special interest to this class of combustion processes 9as phase (Table 1). The soot formation process pro-
is that propagation of some of these flames could be vides substantial heat release thus sustaining flame
supported by the heat generated by the condensation Propagation. Mechanisms of acetylene/air flames and
processes. By condensation we mean formation of acetylene decomposition at high temperatures have
solid compounds from gas-phase species, molecular P€en discussed in a number of papers [2-6]. Major
mass growing processes, and processes of chemicalfeatures of the combustion wave of acetylene decom-

condensation and soot formation. In previous work, Position are low burning velocity and high flame tem-
perature [5-7]. It is of interest to note that Britton [8]

observed flame propagation for ethylene decomposi-
* Corresponding author. tion for pressures higher than 30 atm and at increased
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Reaction system

Products in gas phase Solid products

CyHo =2C+ Hop

CoHy =2C+ 2Hy

Benzene= 6C + 3Hy

Cyclopropene= 3C + 2H,»

pCzHg = 3C+ 2H,
1-methylcyclopropene- 4C + 3H,
1-butene= 4C + 3H,

1,3-butadiene= 4C + 3H,
Methylenecyclopropane- 4C + 3H,
Bicyclo[1.1.0]but-1(3)ene= 4C + 4H,
3,4-dimethylenecyclobut-1-ene 6C + 3Hy
Cyclopropane tris(methylene} 6C + 3H»
SiHg4 = Si+ 2Hy

SiHg + 20, = SiO; + 2H,0

PHz = P+ 3/2H,

AsHz = As + 3/2H,

SbHz = Sb+ 3/2H,

SnHy = Sn+ 2H,

GeHy = Ge+ 2H,

GeHy + 20, = GeG, + 2H0

CoHy = 1/3benzene

CoH» = 1/6 acenaphthyleng 1/6H,
CoHy = 1/8 pyrene+ 3/8H,

CoHy = 1/12 coronene+ 1/2Hy

CoHo = 1/16 ovalenet 18/16H
CoHp = 1/2 diacetelynet 1/2H,
CoHp = 1/18 CigHo + 7/8Hp

2884 —54.2, C (solid)
3301 —125
1008 —198
4477 —66.2
4696 —44.3
—582
—395
—26
—48
—130
-804
—94.6
99.7 —8.3, Si(solid)
—2009 —3409, SiO, (solid)
70.2 —5.47, P (solid)
519 —14.6, As (solid)
293 —34.6, Sb (solid)
331 —389, Sn (solid)
67.1 —20.8, Ge (solid)
—1618 —2751, GeO, (solid)
—47.6
—439
—477
—477
—484
-1.31
—2.65

Table 1 contains data on reaction heats of decom-
position for several hydrocarbons and hydrides with
solid-phase products. For comparison, reaction heats
with product in the gas phase are also included. These
compounds belong to the class of endothermic com-
pounds. For comparison purposes the heats of com-
bustion of silane and germane are also presented.

Thus, the reaction flux determining pyrene formation
represents the soot formation rate. For the surface
growing process we used the approach suggested by
Lindstedt [10]. It was assumed that the rate of the
surface growing process is determined by the num-
ber of particles [10,11]. Calculations with the overall
rate of soot formation (gH, and GHg were indica-

Table 1 demonstrates that condensation processestive species of soot inception) used in the work [11]

contribute approximately 40% of the reaction heat for
stoichiometric conditions for silane oxidation. Thus
the increased range of lean flammability limits for
hydrides may be the result of the contribution of con-
densation heat in addition to chain-branching nature
of the reaction. There appear to be several reaction
systems, which can support combustion due to only
the chemical condensation processes. The aim of the
present communication is to numerically character-
ize the acetylene decomposition flame as the result of
condensation reactions.

2. Kinetic model and modeling procedure

Two kinetic models of acetylene decomposition
were used in this work. The first was derived from the
kinetic model of Appel et al. [9]. It was assumed that
the inception point corresponds to pyrene formation.

provide approximately the same results. The influ-
ences of particle size distribution and particle/particle
coagulation were not considered. The flame was as-
sumed to be adiabatic and flame radiation was not
treated in the model. The second kinetic model was a
combination of the kinetic model for(C» hydrocar-
bon combustion [12] and a submodel [9] describing
the formation of aromatic compounds. The results of
calculations with these models approximately coin-
cide except the second model leads to a somewhat
higher predicted burning velocity (6.2 and 6.9 sn

at 7 atm, respectively). For flame propagation model-
ing the Chemkin-2 package was used [13].

3. Resultsand discussion

Figure 1 shows the calculated structure of an
acetylene decomposition flame. Different tempera-
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Fig. 1. Flame structure of acetylene decomposition flame (7 atm, soot amount is presented as a molar fraction of carbon atom

C(s)).

tures (1900-3000 K) in the flame reaction zone can to substantial increase in hydrogen atom concentra-
be obtained by varying the rate of the surface grow- tion and reduction in intermediate concentrations of
ing process. Flames with 2000-2400 K temperatures CyH4, CHg4, benzene, naphthalene, and acenaphtha-
in the reaction zone show low levels of radical con- lene. A feature of these flames is that H atom con-
centrations (H, CH) in comparison with the hydro-  centration does not demonstrate radical overshoot
carbon/air flames. Increase in flame temperature leads in a reaction zone. The H atom concentration con-
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Fig. 2. Pressure dependence of burning velocity of acetylene decomposition flame. Symbols—experimental data [7,14];
line—modeling results, this work (298 K). Burning velocity measurements in [14] were performed at different initial tem-
peratures (269473 K).

tinues to increase in the postflame zone with the tion. It is important that the simplified form of the
increase in temperature, depending on the degree surface growing process [10,11] represents positive
of reaction completeness. At the same time, radical heat feedback for flame propagation. Increasing the
overshoot is observed for propargyl radical concen- soot surface leads to an increase in surface sites and
tration (GH3). It attains maximum concentration in  heat generation. Thus surface growing reactions lead
the flame zone and decreases in the postflame zone.to positive feedback (autocatalysis) in the heat gener-

Reaction pathway analysis demonstrates that for the
analyzed conditions the benzene production is domi-
nated by propargyl radical recombination. Depending
on the ratio of the surface growing process rate to the
direct soot formation rate and on the level of burn-
ing velocity, incomplete acetylene decomposition in a
flame reaction zone is observed. For the conditions in
Fig. 1, incomplete decomposition in the flame reac-
tion zone constitutes- 12% of unreacted acetylene.
Incomplete consumption of acetylene in the flame re-

ation in a flame zone.

There are two stages of heat release in acetylene
decomposition flame. The first stage is related to the
benzene formation (Table 1). The second stage cor-
responds to inception and carbonization processes.
The main portion of heat release corresponds to
the benzene formation. The conversion of benzene
to PAHs does not contribute much to the reaction
heat (Table 1). Calculations excluding soot formation
processes from the kinetic model with the pyrene as

action zone has also been observed experimentally by a main condensation product of acetylene decompo-

Cummings et al. [7].

Figure 2 illustrates pressure dependence of burn-
ing velocity. Also included are experimental data of
Cummings et al. [7] and Chase et al. [14]. There is
a large difference in the experimental data on burning
velocity. Calculations agree reasonably with the burn-
ing velocity measurements of Cummings et al. [7].
Nevertheless the kinetic models do not account for

sition lead to flame propagation with burning veloci-
ties of 1.5-3 cnjis with relatively large intermediate
concentration of acenaphthalene. Flame temperature
was approximately 2000 K. Acetylene decomposition
flame can be considered as the consequence of the
benzene formation reaction followed by PAH forma-
tion in a gas phase. Soot particles can be formed in the
postflame zone and their formation may not have an

the relatively strong pressure dependence as observedinfluence on the decomposition flame. It is of interest

experimentally [6,7]. Analysis of the modeling re-
sults indicates a strong effect of the surface growing
process on the burning velocity. The comparison of
modeling and experimental data on burning velocity
demonstrates that it is possible to obtain reasonable
agreement by variation of the surface growing rate
and its ratio to the direct soot flux. Thus the modeling
of an acetylene decomposition flame and comparison
with reliable experimental data can provide estimates
of contributions of different processes to soot forma-

that the formation of polyacetylenes will not sustain
the gas-phase flame propagation due to the relatively
small reaction heats (Table 1).

The kinetic models demonstrate substantial insen-
sitivity of burning velocity to the rate constants of the
models. The model that excluded soot formation and
with pyrene as a flame product leads to decreases in
the burning velocity and to decreased flame temper-
atures ¢ 1800-2300 K), depending on the level of
reaction incompleteness. Reasonable agreement with
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experimental level of burning velocity can be ob- the surface growing rate constant. The use of sim-
tained through inclusion of the soot formation process plified form of presentation of the surface growing
and surface growing reactions, which lead to an ad- process [10,11] represents positive thermal feedback.
ditional heat release. It is possible that the currently An increase in the number of particles and soot sur-
used kinetic models do not contain some importantre- face area leads to increased surface growing rate and

action(s), leading to disagreement with experimental
data. We do not find reaction pathways for increas-
ing the burning velocity except through the inclusion
of soot formation and surface growing process into
the model so as to provide additional (autocatalytical)
heat release. A general observation from the path-
way analysis is that the contribution of “overall back-
ward processes” to the reaction process is very large,
thus substantially slowing down the reaction rate of
benzene formation. It is of interest to note that the
propargyl—propargyl association reactiongHg +
C3H3 = CgHg and GH3 + C3zHz = CgHs + H,
represent two different types of radical reactions and
can lead to different reaction behaviors. The former is
the radical termination reaction, and the latter corre-
sponds to the radical propagation reaction.

Several simplifications made in our first numerical
study of the acetylene decomposition flame need to be
examined in more detail in the future. We do not in-
clude in the model thermophoretic transport of soot
particles, which can be important for the modeling
of these flames [4,11]. For calculations of acetylene
flame temperatures, the contribution of heat radia-
tion losses is important [5—7,14]. The model does not
include heat loss processes. Also, for modeling pur-
poses it was assumed that thermodynamic properties
of soot are identical to those of graphite. On the other
hand, it is known that soot contains bonded hydro-
gen. The [H]/[C] ratio depends on the conditions of
soot formation and may be as large as 0.1 [15].

In this work we demonstrate that acetylene decom-
position flame propagation is the result of the exother-

mic condensation reaction. Condensation processes

provide reaction heat and act as a driving force for
flame propagation (also see discussion in [6]). The
kinetic models reasonably predict the level of burn-
ing velocity of the acetylene decomposition flame.
Nevertheless the models do not demonstrate the rela-
tively strong positive pressure dependence of burning
velocity as observed experimentally [6,7] and which
could be expected based on the observation of deto-
nation for pure acetylene [5,16]. Heat release kinet-

ics demonstrates a two-stage process. The first stage

thus to increased heat release rate.
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