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Abstract

Acetylene is a ubiquitous combustion intermediate that is also believed to be the major precursor for aromatic,
polycyclic aromatic hydrocarbon (PAH), and soot formation in both hydrocarbon and halogenated hydrocarbon
flames. However, in spite of its important role as a flame intermediate, the detailed chemical structures of acetylene
diffusion flames have not been studied in the past. Here the detailed chemical structures of counterflow diffusion
flames of acetylene at strain rates of 37.7 and 50.3 s−1 are presented. Both flames possessed the same carbon
density of 0.37 g/L corresponding to an acetylene mole fraction of 0.375 in argon on the fuel side, and an oxygen
mole fraction of 0.22 in argon on the oxidizer side. Concentration profiles of a large number of major, minor,
and trace species, including a wide spectrum of aromatics and PAH, have been determined by direct sampling
from flames using a heated quartz microprobe coupled to an online gas chromatograph/mass selective detector
(GC/MSD). Temperature profiles were made using a thermocouple and the rapid insertion technique. Although the
major species concentrations were nearly the same in the two flames, the mole fraction profiles of trace combustion
by-products were significantly lower in the higher-strain-rate flame, by nearly two orders of magnitude for PAH.
These comparative results provide new information on the trace chemistries of acetylene flames and should be
useful for the development and validation of detailed chemical kinetic mechanisms describing the formation of
toxic by-products in the combustion of hydrocarbons and halogenated hydrocarbons.
© 2006 Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

Acetylene is one of the most abundant interme-
diates in hydrocarbon combustion (see, for exam-
ple, [3,12] and references therein) as well as in the
combustion of halogenated hydrocarbons such as
CH3Br [4] and CH2Cl2 [5]. Acetylene is also be-
lieved to be an important precursor for the formation
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of polycyclic aromatic hydrocarbons (PAH) and soot
[6–8]. Since some PAH isomers (such as benzo-a-
pyrene), as well as their halogenated aromatics (such
as dioxins and furans), are potentially toxic, it is
important to develop combustion strategies that min-
imize their emission from combustion systems. One
way to achieve this goal is through the use of predic-
tive, model-based control systems for the operation
of combustors and waste incinerators. To develop
model-based control systems, mathematical models
describing both the transport (i.e., momentum, heat,
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and mass transfer) and the chemical kinetics of fuel
destruction must be developed. Transport models de-
scribing specific combustion equipment have success-
fully been developed and used to describe some of
the general performance characteristics of combus-
tion devices (see, for example, [9,10] and references
therein). On the other hand, detailed quantitative
chemical kinetic mechanisms describing combustion
reaction processes, including the formation and emis-
sion of trace pollutants such as PAH and dioxins, still
need to be developed and validated.

One-dimensional laminar premixed flames and ax-
isymmetric opposed jet diffusion flames have suc-
cessfully been used to gain useful insights into the
detailed chemical kinetics of combustion through the
acquisition of detailed species concentration profiles.
The one-dimensional and laminar nature of these lab-
oratory flames enables the accurate modeling of the
underlying transport phenomena, thereby rendering
the model predictions particularly sensitive to the de-
tailed chemical kinetic mechanism used in the simu-
lation process [7,8,11,12].

Counterflow diffusion flames represent a partic-
ularly relevant and useful framework for studying
combustion chemistry for several reasons. First, they
mimic practical combustion systems where the fuel
and air are not mixed prior to the flame zone, thus
allowing the simulation of fuel pyrolysis and PAH for-
mation in the oxygen-starved regions of combustors.
Second, counterflow diffusion flames also have a cen-
tral axis of symmetry, which allows the reduction of
their two-dimensionality into one-dimensionality by
the introduction of a stream function for the solution
of mass, momentum, and energy balances.

Previous studies in counterflow diffusion flames
focused primarily on NOx formation [13,14], flame
extinction [15,16], major species [17], and soot for-
mation [18,19]. Only recently have systematic studies
regarding the detailed structures of counterflow dif-
fusion flames of hydrocarbon fuels been undertaken
[1,3,20,21].

Acetylene combustion has previously been stud-
ied by a number of investigators, primarily in low-
pressure premixed flames (see, for example, [22,23]).
Detailed chemical kinetic mechanisms of acetylene
combustion were also developed [7,23] and partially
validated, using the limited data available from low-
pressure premixed flames noted above.

Experimental data on the structures of diffusion
flames of acetylene are very scarce. Sunderland et
al. [19,24] reported studies on soot formation and
temperature profiles in a turbulent diffusion flame.
Sun et al. [17] measured the temperature and ma-
jor species concentration profiles in a counterflow
diffusion flame of acetylene using the spontaneous
Raman scattering technique. Their numerical sim-
ulation of the temperature and major species con-
centration profiles was in reasonable agreement with
the experimental results. In addition, they concluded
that the dominant C2H2 oxidation step for acetylene
flames involves the reaction of acetylene with oxy-
gen atoms. We are not aware of any earlier studies
where detailed chemical structures of acetylene diffu-
sion flames were ever investigated.

Therefore the objective of this paper is to report
on the detailed chemical structures of atmospheric-
pressure laminar counterflow diffusion flames of
acetylene as a function of strain rate. The effects of
carbon density on acetylene flame structure will be
reported in the future.

2. Experimental setup

The counterflow burner system and sampling con-
figuration are illustrated in Fig. 1. The acetylene diffu-
sion flames were stabilized between two opposed jet
nozzles (ID 2.54 cm). The oxidizer stream, which was
22% O2 and 78% Ar, was introduced from the upper
nozzle. The fuel stream, containing 37.5% C2H2 and
62.5% Ar by volume, was introduced from the lower
nozzle. All gases used were of high purity (Mathe-
son, Cucamonga, CA). To minimize the trace impuri-
ties in acetylene (mostly acetone), a cold trap system
was used, as shown in Fig. 1. Three vacuum traps
(45 × 350 mm, Chemglass) were connected in series.
The entire trap system was then placed in a bath of
2-propanol, which was cooled to −45 ◦C by bubbling
liquid nitrogen or carbon dioxide.

A series of 100 mesh screens were used at the exit
of each jet to establish uniform gas flow velocities to
generate stable, flat flames. Argon gas was used to
shield and protect the flame from the surrounding air.
Using a mild vacuum through the holes in the annu-
lar section of the bottom burner, combustion products
and shield gas were vented out of the system.

A heated quartz microprobe (OD 0.635 cm) with a
125 × 10−4-cm-diameter orifice at its tip was used to
withdraw samples from the center of the flame. The
tip was conically tapered at an angle of about 20◦.
The probe orifice diameter used was the smallest pos-
sible size to achieve sampling in sooting flames. Soot
particles in the sample were trapped using a heated
high-purity silica fiber filter before gas analysis.

Possible systematic errors in species concentra-
tion measurements have been examined. The de-
gree of reaction quenching and the possibility of
formation of pyrolysis products in the probe were
tested by sampling from the flame at different trans-
fer line pressures and temperatures. These measure-
ments indicated that the effects of the probe on flame
chemistry were negligible. Furthermore, the possi-
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Fig. 1. Experimental setup of counterflow diffusion flame burner.
ble contribution of radical–radical and radical–stable
species reactions to measurements of abundant stable
species concentrations (e.g., benzene) was also con-
sidered [1]. These investigations showed that even if
all the radicals were quantitatively converted to their
corresponding stable products, their contributions to
measured concentrations would be less than 1–5%.
The possible catalytic activities of the sampling probe
and transfer line surfaces were also explored by vary-
ing the temperature; these measurements also did not
exhibit any significant variations in measured com-
positions within the experimental conditions investi-
gated.

Based on vapor pressure considerations, most of
the PAH with 252 amu or less should remain in the
gas phase at 300 ◦C and above [25]. Therefore, the
sampling system, which includes the probe, soot trap,
silica-coated transfer lines, and GC multiport valves,



M. Yamamoto et al. / Combustion and Flame 151 (2007) 532–541 535
was kept at about 300 ◦C to minimize the adsorption
of high-molecular-weight PAH on surfaces.

An online microprocessor-controlled gas chro-
matograph/mass spectrometer (Hewlett–Packard
5890/5971) system was used to analyze the gas sam-
ples. Major species were separated using packed
columns (Hayesep-T, Hayesep-A, and Molecular
Sieve) connected to a thermal conductivity detector
having a detection sensitivity of about 10−3–10−4

mole fraction, depending on the species. The minor
and all trace species were separated by a capillary col-
umn (0.32 mm × 60 m HP-5) interfaced to the mass
spectrometer detector, which had a sensitivity of mea-
suring species with mole fractions as low as 10−8.

For the light and most of the intermediate-molec-
ular-weight species, a certified gas mixture acquired
from Matheson Co. (Cucamonga, CA) was used for
calibration. Retention times as well as mass spectral
fingerprints matched to standard MS libraries (Wi-
ley Mass Spectral Database, 1991) were used for
species identification. Species concentrations were
then determined using calibration mixtures. The ac-
curacy of the species mole fractions was estimated to
be about 15%. The relative ionization cross-section
method was used [26] to quantify species mole frac-
tions whose calibration standards were not available.
This method has been tested and shown to be accurate
within a factor of 2 in previous studies [2].

Using a high-precision (0.01-mm) translation sys-
tem, sampling position within the flame was changed
by moving the entire burner assembly up or down
with respect to the fixed sampling probe and the ther-
mocouple to determine the species and temperature
profiles, respectively. Positional accuracy of the con-
centration and temperature profiles with respect to the
burner surface was estimated to be ±0.25 mm.

The temperature measurements were done using
a silica-coated Pt/Pt + 13%Rh (R type, Omega) ther-
mocouple with 0.075-mm wire and a bead diameter
of about 0.200 mm. A rapid insertion technique was
applied to obtain the temperature profiles [27]. To
minimize the heat conduction along the wires, the
thermocouple was positioned parallel to the burner
surface. The soot that was deposited on the thermo-
couple while probing in the sooting region was burnt
off by using a propane torch. The surface of the ther-
mocouple was visually inspected to ensure that it
was clean and ready for the next insertion. Flame
temperature profiles were acquired automatically us-
ing computer-controlled (LABVIEW, National In-
struments, Version 5.0.1) stepper-motor-driven linear
stages (Velmex Inc., Model No. M062-LS09). A Data
Translation A/D board (ADAC, American Data Ac-
quisition Comp., Model 5508-SCI-0-0-3) was used
to acquire and digitize analog inputs. Details of the
rapid insertion experimental setup can be found else-
where [28]. Here, direct thermocouple junction read-
ings without any radiation corrections are reported.

3. Results and discussion

Experimental conditions investigated are given in
Table 1. These conditions were determined to provide
stable, laminar, flat flames after extensive preliminary
studies. The flames exhibited three visually distinct
zones; the blue zone at the oxidizer side, together with
the luminous yellow and orange zones located just
below the blue zones. All concentration and tempera-
ture profiles were measured at the center of the flame
(r = 0) to minimize the edge effects.

Strain rate is one of the most important flame pa-
rameters that influence the structure of counterflow
diffusion flames. A strain (or stretch) occurs on a
flame surface due to the velocity gradient in the ax-
ial direction. Higher strain rates induce thinner flames
and lower flame temperatures because of shorter resi-
dence times for the reactants in the combustion zone,
which decreases the extent of chemical reaction. The
further increase of strain rate will ultimately result
in flame extinction. The strain rate can be calculated
with the following equation derived by Seshadri and
Williams [29],

K = −2V0

L

[
1 + Vf

V0

(
ρf

ρ0

)1/2
]

(s−1),

where K is the strain rate and L, Vf, V0, ρf, and ρ0
are the burner separation distance, fuel outlet veloc-
ity, oxidizer outlet velocity, fuel density, and oxidizer
density, respectively. Although it is well known that
the local strain rate in the flame is different from a
global definition above, K values were used as a pa-
rameter in order to make comparisons between the
flames studied.

In the present experiments, flames with overall
strain rates of 37.7 and 50.3 s−1 were explored, and
they are identified as S38 and S50, respectively. The
changes in the strain rate were obtained by simulta-
neously changing the fuel- and oxidizer-side gas flow
rates. That is, neither the burner port separation dis-
tance nor the gas densities were changed.

Carbon density of a fuel stream is also important in
controlling the identities and relative concentrations
of the fuel breakdown products. Carbon density is de-
fined by the expression

ρC = P

RT
XfNCMC,

where ρC, P , R, T , Xf, NC, and MC are the carbon
density, stream pressure, gas constant, stream tem-
perature, mole fraction, number of carbons in one
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Table 1
Experimental conditions for different strain rates

Symbol S38 S50

Strain rate, s−1 K 37.7 50.3
Overall equivalence ratio φ 2.05
Fuel side carbon density, g/L ρC 0.37
Acetylene mole fraction Xf 0.375
Oxidizer mole fraction X0 0.220
Fuel port outlet velocity, mm/s Vf 131.6 175.5
Oxidizer port outlet velocity, mm/s V0 164.5 219.4
Fuel port inlet stream density, g/L ρf 1.42
Oxidizer port inlet stream density, g/L ρ0 1.56
Fuel and oxidizer inlet temperature, ◦C T 25.0
Burner separation distance, mm L 15.4

Fig. 2. Profiles of major species mole fractions and temperature for the S38 flame.
molecule of fuel (for acetylene, NC = 2), and car-
bon atomic weight (MC = 12.011). In the present
experiments, the fuel-side carbon density was kept
at 0.37 g/L, corresponding to 37.5% by volume of
acetylene in argon.

The temperature and major species mole fraction
profiles, which include hydrogen (H2), water (H2O),
acetylene (C2H2), carbon monoxide (CO), ethylene
(C2H4), O2, Ar, and carbon dioxide (CO2), are pre-
sented in Fig. 2 for the low-strain flame S38. In this
and subsequent figures, lines were drawn through the
data points to show the experimental trends. Similar
profiles for the higher strain rate flame, i.e., the S50
flame, are shown in Fig. 3.

As seen in Fig. 2, a maximum flame tempera-
ture of 1700 ◦C (uncorrected) was reached in the
S38 flame at 7.5 mm above the fuel burner surface.
The C2H2 mole fraction profile shows a gradual de-
crease until 4.5 mm and decreases sharply thereafter,
reaching nondetect levels after 6.0 mm. The O2 mole
fraction profile, on the other hand, exhibits a grad-
ual decrease toward the fuel burner, reaching nonde-
tect levels below 5.5 mm. The maximum mole frac-
tions of complete combustion products CO2 and H2O
were measured to be 0.1 and 0.05 at 6.0 and 8.0 mm
from the fuel burner surface, respectively. The mole
fractions of partial combustion products CO and H2
peaked early in the fuel zone, about 4.0–5.0 mm from
the fuel burner port, reaching levels 0.1 and 0.07, re-
spectively.

Similarly, the temperature and major species mole
fraction profiles for the higher strain rate S50 flame
are presented in Fig. 3. Although qualitatively the pro-
files for both flames appear similar, there were signifi-
cant differences. To better illustrate these differences,
mole fraction profiles of select species for both the
S38 and S50 flames will be presented together for
the remainder of the paper. Mole fraction profiles for
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Fig. 3. Profiles of major species mole fractions and temperature for the S50 flame.

Fig. 4. Profiles of reactant mole fractions and temperature for the S38 (closed symbols, —) and S50 (open symbols, – · –) flames.
the all the species measured in both flames (over 30
species) can be found in Yamamoto [30].

In Fig. 4 the temperature and reactant species mole
fraction profiles for both flames are shown. As can
be seen clearly from this figure, increasing strain rate
decreased the peak flame temperature from 1700 to
1600 ◦C, as well as shifting the location of this peak
toward the fuel side, i.e., closer to the stagnation
plane. Higher strain rate also resulted in the estab-
lishment of a narrower reaction zone, concomitant
with a more abrupt decay in the mole fractions of
the fuel and the oxidant as the fuel extinction point
is reached. In Figs. 5 and 6, comparisons of the CO2
and H2O and the H2 and CO mole fraction profiles
are presented, respectively. The peak mole fractions
and locations of CO for the S38 and the S50 flames
were 0.12 at 5.0 mm and 0.11 at 5.5 mm, respec-
tively. The peak mole fractions and locations for H2
were 0.07 at 5.0 mm and 0.04 at 5.0 mm for the S38
and S50 flames, respectively. An inspection of the re-
sults presented in Figs. 4–6 reveals that the qualitative
and to a lesser degree the quantitative features of the
S38 and S50 flames were similar with regard to ma-
jor species concentration profiles. In addition, these
profiles show the characteristics of a typical diffusion
flame [1], and as such are consistent with the follow-
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Fig. 5. Mole fraction profiles of complete combustion products for the S38 (closed symbols, —) and S50 (open symbols, – · –)
flames.

Fig. 6. Mole fraction profiles of incomplete combustion products for the S38 (closed symbols, —) and S50 (open symbols, – · –)

flames.
ing reactions:

(1) In the fuel-rich zone the primary fuel degrada-
tion takes place with a net conversion of C2H2
through the following reaction:

C2H2 + H ↔ C2H3.

(2) In the partial oxidation zone that is identified by
the oxidation of C2H2 into CO and the produc-
tion of H2, the following reactions are suggested:

C2H2 + O ↔ CH2 + CO,
C2H2 + O ↔ HCCO + H,

C2H2 + OH ↔ HCC + H2O,

C2H3 + O2 ↔ CHO + CH2O,

CH2O + H ↔ CHO + H2,

CHO + M ↔ CO + H + M.

(3) In the total oxidation zone, the formation of H2O
and conversion of CO to CO2 occurs via

H2 + OH ↔ H2O + H,

CO + OH ↔ CO2 + H.
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Fig. 7. Mole fraction profiles of aliphatic products for the S38 (closed symbols, —) and S50 (open symbols, – · –) flames.
In Fig. 7, the mole fraction profiles for some of the
aliphatic combustion products, such as C2H4, HCC-
CCH, and CH2CCH2, are presented for both flames.
As evident from this figure, these trace hydrocarbon
intermediates were produced within the fuel side of
the flame and were subsequently destroyed at about
6.0–6.5 mm from the fuel burner surface through
oxidation reactions. Similar behavior was also ex-
hibited by all hydrocarbon by-products formed in
these flames. It is particularly significant to note that
the levels of these trace intermediates were substan-
tially lower in the higher strain S50 flame than in the
S38 flame. The peak concentrations and locations of
HCC-CCH were 1×10−2 at 5.0 mm and 4×10−3 at
5.5 mm for the S38 and S50 flames, respectively, rep-
resenting a factor of 2 difference. The mole fractions
C2H4 and CH2CCH2 were not particularly sensitive
to flame location. These intermediates were likely to
be produced via the reactions

C2H3 + H2 ↔ C2H4 + H,

HCC + CCH ↔ HCC-CCH,

C2H2 + CH2 ↔ CH2CCH2.

Mole fraction profiles of aromatics by-products
such as C6H6 (benzene) and C10H8 (naphthalene) are
shown in Fig. 8. Again these incomplete combustion
by-products were generated on the fuel side of the
flame, and their levels were strongly dependent on the
flame strain rate. The peak mole fractions of benzene
and their flame positions were 2 × 10−4 at 5.0 mm
and 8 × 10−5 at 5.0 mm for the S38 and S50 flames,
respectively. Similarly, the peak mole fractions and
locations for naphthalene in the S38 and S50 flames
were 4 × 10−5 at 4.5 mm and 5 × 10−6 at 5.0 mm,
respectively.

Several mechanisms have been proposed to de-
scribe the formation of benzene at elevated tempera-
tures [6,11]. In one mechanism, the first aromatic ring
forms by the addition of a vinylic radical (C4H3) to
acetylene [6]:

.

In another mechanism, benzene formation in flames
was advocated to occur through the recombination of
propargyl radicals [11]:

.

Since the acetylene pyrolysis products contain both
even and odd number of carbon atoms (see Figs. 2
and 7), both routes can play a role in benzene forma-
tion in acetylene flames.

Naphthalene can then be formed through hydro-
gen abstraction from benzene followed by sequential
acetylene addition reactions [6]:

.

In addition, naphthalene has been proposed to form
through recombination of the two cyclopentadienyl
radicals, C5H5 [11]. Again the detection of by-
products containing both even and odd numbers of
carbon atoms suggests that both mechanisms can be
at play in acetylene flames.

Mole fraction profiles of 3- and 4-ring aromatic
products formed are shown in Fig. 9. It is interest-
ing to note that for these PAH, their levels were
most sensitive to the flame strain rate. For example,
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Fig. 8. Mole fraction profiles of single- and two-ring aromatic products for the S38 (closed symbols, —) and S50 (open symbols,
– · –) flames.

Fig. 9. Mole fraction profiles of three- and four-ring aromatic products for the S38 (closed symbols, —) and S50 (open symbols,
– · –) flames.
the peak mole fraction profiles of C14H10 (phenan-
threne) were 2 × 10−5 and 8 × 10−8 for the S38 and
S50 flames, respectively, representing a two-order-of-
magnitude difference. Similarly, the peak mole frac-
tions of C16H10 (pyrene) were 3 × 10−5 and 4 ×
10−7, respectively, for flames S38 and S50, again rep-
resenting a two-order-of-magnitude difference.

A variety of routes have also been proposed for
the formation of phenanthrene [6,11]. For example, it
can be produced from naphthalene by the sequential
addition of two C2H3 moieties, or through the addi-
tion of C2H3 to biphenyl, the latter being produced
by the addition of a phenyl radical to benzene. Simi-
larly, pyrene can be produced by the direct addition of
C2H3 to phenanthrene or by the sequential additions
of 3 C2H3 moieties to naphthalene.

Clearly, the accurate identification of likely reac-
tion pathways responsible for the formation and de-
struction of all the flame species discussed above can
only be accomplished after a detailed chemical kinetic
modeling exercise, which we hope our results will
stimulate. Until this modeling work is completed, the
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mechanistic comments made above should be consid-
ered tentative at best.

In summary, detailed chemical structures of coun-
terflow acetylene flames determined at different strain
rates reveal a number of significant results. First,
strain rates do not significantly alter the major species
concentration profiles in flames, suggesting that the
major features of diffusion flames can be modeled rel-
atively easily. On the other hand, the concentrations
of high-molecular-weight trace hydrocarbon interme-
diates formed in diffusion flames were very strongly
influenced by the strain rate. The latter necessitates
the development of highly accurate detailed chemical
kinetic mechanisms describing the formation and de-
struction of combustion by-products or intermediates.
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