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Abstract

The formation of first-benzene aromatic rings occurs at the same reactionary routes all flames (acetylene,
ethylene, and propane), after the decomposition of fuel and formation of aromatic precursors. It has been
found that the reaction routes dependent on temperature. To low temperatures, T<1500K dominate routes
that include the formation of C,H; from C,H,, and further C,Hs, which in reaction with C,H, gives CgHs.
To high temperature is dominated the formation reaction of propargyl (CsHs) and the main reaction

formed the benzene is propargyl.

Keywords: mechanism, flame, acetylene, eth-
ylene, propane.

Introduction

The process of soot formation has been the
object of numerous investigations for more than
100 years [1,2], and such investigations did not
loose their significance to the present day. This is
explained, first of all, by the fact that soot is an
industrial product produced on a world scale in
the amount of 10 tons a year. The black (techno-
logical) carbon is used as a filler of elastometers
(90 % of the technological carbon is used for this
purpose, and 2/3 of it — in the production of tires)
and has a wide application in printers. However,
soot is a carcinogenic pollutant of the environ-
ment, formed as a result of the combustion of hy-
drocarbon fuels in power plants and engines. For
example, diesel engines with direct fuel injection
initially transform approximately 10-20 % of the
fuel introduced into the soot. Simultaneously with
the soot formation, fullerenes and nanotubes are
formed by the mechanism competing with the
mechanism of soot formation. A knowledge of the
conditions and mechanisms of formation of soot,
fullerenes, and nanotubes in a flame allows one to
change the combustion such that soot particles,
fullerenes, or nanotubes are predominately
formed.

At the present time a large number of ex-
perimental data on the processes of soot formation
have been accumulated and different phenomeno-
logical models have been proposed [3,4]. Howev-
er, the mechanism of soot formation is imperfectly

understood yet. This is explained by the fact that
even in simple cases, such as the homogeneous
pyrolysis of hydrocarbons, this process includes a
large number of rapid simultaneous reactions
leading to the formation of a new solid phase —
soot particles (e.g., the time of transformation of
methane with a molecular mass of 16a.m.u into
the soot with the molecular mass more than 10°
a.m.u makes 10-107%s) [5].

The formation of the polyaromatic precur-
sors in flames is a key element in the process of
soot formation. The reaction path of formation of
these precursors, primarily C,H,, CsHs, CsH,,
C3Hs, depends on the type of the fuel and parame-
ters of the flame. Although the formation of
polyaromatic molecules and soot in the combustion
process of fuels intensively have been studied, the
final kinetic scheme has not worked out, requires
further optimization and refinement of kinetic pa-
rameters.

Design and operation of gas turbines and
engines are very sensitive to the underlying fuel
chemistry. Practical fuels are complex mixtures of
several hundreds of individual species, which can
be divided in four hydrocarbon families (n-/i- par-
affins, naphthenes (cycloparaffins) and aromat-
ics), Fig.1. The number of different isomers in-
creases significantly moving towards large hydro-
carbons increasing dramatically the size of de-
tailed kinetics models. The kinetics of all of the
fuel components and intermediate species are not
fully determined and investigated. Therefore, only
simplified reaction models of practical fuels - sur-
rogate blends or reference fuels, which represent
the real fuels chemical kinetics with a small num-
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ber of components in the input formula of the sur-
rogate - can be used presently in the CFD model-
ling and design of combustion chambers. The sur-
rogate includes adequate fractions of different hy-
drocarbons which are present the different chemi-

cal families of fuels [6]. The reaction Kinetic
model of the surrogate should be constructed from
sub-models of each individual component con-
tained input formula of the surrogate.
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Fig.1 — Four families of hydrocarbons involved in practical fuels [6]

The present work is devoted to investiga-
tion of the flame of acetylene, ethylene and pro-
pane with aim to determine features of the forma-
tion of the first aromatic ring (benzene, Al, C¢Hs)
in flames of saturated (CsHg) and unsaturated
(CH=CH, CH,=CH,) hydrocarbons.

Kinetic model

On the basis of existing detailed kinetic
schemes [6,7] a general and consistent mechanism
of the oxidation of hydrocarbons and the for-
mation of higher hydrocarbons was compiled for
computational studies covering the characteristic
properties of a wide range of combustion process-
es. Computed ignition delay times of hydrocar-
bon—oxygen mixtures (C,H, [8], C,H, [9,10], and
C3Hg [10]) match the experimental values. The
calculated absolute flame velocities of laminar
premixed flames (C,H, [11,12], C,H, [11], and
CsHg [13]) and the dependence on mixture
strength agree with the latest experimental inves-
tigations reported in the literature. With the same
model concentration profiles for major and inter-
mediate species in fuel-rich, sooting, premixed
C,H,, C,H, and CsHg air flames are predicted in
good agreement with experimental data. An anal-

ysis of reaction pathways shows for C,H, and
C;3Hg flames that benzene formation can be de-
scribed by propargyl combination in high temper-
ature.

Numerical modelling was performed using
the SENKIN (for simulation of ignition delay
time) and PREMIX (for simulation of laminar
flame speed, species concentration profiles and
sensitivity analysis) code from the CHEMKIN 1I
package [14] and Chemical Workbench [15].

Results

Acetylene flame (acetylene/oxygen/argon flame
9 =1.93, at 0.05 atm)

Figure 2 presents the results of experi-
mental and numerical measurement of laminar
flame speed of premixed acetylene - oxygen mix-
ture. Figure 2 shows that the results of the simula-
tion with mechanism [6] can be regarded as satis-
factory in the area of the poor and stoichiometric,
also in area of the fuel rich (¢ > 1.5). The greatest
error occurs for the rich flames in the range 1.6 <
¢ <2.0, where the differences in the results of the
experiment and numerical simulation of up to
30%. This problem was also observed in [16].
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Fig.2 — Experimental (closed symbol) and computed (line) laminar flame speed of C,H, flame

As seen in Figure 2, the authors of the ex-
perimental data [11] and [12] differ in rich flames
in the range 1.4 < ¢ <2.0. This may be due to ex-
perimental measurement errors.

In the Figure 3 are shown the numerical of
ignition delay time of the acetylene - oxygen mix-
ture with the addition of argon, the results are in
satisfactory agreement with the experimental data.
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Fig.3 — Experimental (closed symbol) and computed (open symbol) ignition delay time of C,H, flame

In Figure 4 shows the mole fraction profiles
of these stable compounds and intermediate spe-
cies: C3H; (H,CCCH), CsHs, C4,Hs, AL. As seen in
Figure 3, the model describes in good agreement
with experimental results these main components:
C3H3 (HzCCCH) and Al.

Although, the mechanism shows inflated
values of the mole fractions of intermediate spe-
CieSZ C3H5 u C4H5.

Sensitivity analysis identifies the rate-
limiting reaction steps. The rates of the elemen-
tary reactions in combustion process differ great-

ly. Sensitivity analyses show that only a few ele-
mentary reactions are rate-limiting.

Other reactions are so fast, that the accuracy
of the rate coefficients has a minor influence on
the simulation of the overall combustion process
[17].

Reaction sensitivity analysis for acety-
lene/oxygen/argon flame at the temperature (950
and 2100 K) is shown in Figure 5.

As seen analysis the main reaction, which
influenced to formation C¢Hs at the temperature
950 K, is C¢Hg = C4H4 + C,H,, and for tempera-
ture 2100 K is C,H, + CH;3 = C3Hs.
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Fig. 4 — Experimental (symbol) and computed (line) mole fraction profiles
of CsH; (H,CCCH), CsHs, C4Hs, Al in acetylene/oxygen/argon flame
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Fig.5 — Reaction sensitivity analysis for acetylene/oxygen/argon flame at the temperature (950 and 2100 K)

Figure 5 shows the route of the reaction benzene in acetylene flame can be carried out in
pathways of benzene formation (Al) in a flame of two ways: at low temperatures (T <1500 K) and
acetylene (C,H,). As shown, the sensitivity analy- high T>1500K temperatures.

sis of the formation of the first aromatic ring-
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Fig. 6 — Reaction paths from acetylene to benzene [18]

Route-formation of the first aromatic ring-
benzene at low temperatures can be produced as
follows: 3 different intermediate molecules such
as CsH,, CsH,, CsHs, formed from acetylene; fol-
lowed by the formation of propargyl followed by
the formation of benzene. This is the main way of
educating the ring-benzene. This route was also
considered in [16] as a primary way of benzene
formation. Route-formation of the first aromatic
ring-benzene at high T>1500 K temperature can
be produced as follows: acetylene forms C,H; rad-

ical, followed by the formation of intermediate
molecules iC,Hs and/or C,H, that lead to the for-
mation of benzene (Al).

Ethylene flame (ethylene/oxygen/argon flame ¢
=3.06, at 1 bar)

Figure 7 shows the results of the experi-
mental and calculated measuring the laminar
flame speed of premixed flames ethylene-oxygen-
argon mixtures. The experimental results are in
satisfactory agreement with the calculated results.
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Fig.7 — Experimental (closed symbol) and computed (line) laminar flame speed of C,H, flame

In order to prove the quality of the present-
ed mechanism and its general applicability this
scheme was chosen without further modifications
for the calculation of ignition delay times of eth-
ylene flame. As demonstrated in Fig. 8 the abso-
lute values and the temperature dependence of the

experimentally determined ignition delay times
are well reproduced by the calculations. It is
noteworthy to state that the original Baker [19]
scheme gave similar results with minor deviations
for ethylene - oxygen mixtures.
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Fig.8 — Experimental (closed symbol) and computed (open symbol) ignition delay time of C,H, flame

In Figure 9 shows the mole fractions profile

of these stable compounds: C,H,, C4;H,;, Al, A2.
As seen in Figure 8, the model describes in

agreement agreements with the experimental re-
sults of the concentration of C,H,, CsH4, Al u A2.
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Fig. 9 — Experimental (symbol) and computed (line) mole fraction profiles
of A1, A2, C,H,, C4H,in ethylene/oxygen/argon flame

For the flame of ethylene is characterized

by low temperatures. Figure 10 shows a sensitivi-

ty analysis of the reaction to the flame of ethylene

(CaoHy)

(¢ = 3,06) at low temperature 865.56 and
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1419.58 K. As the analysis at 865.56 K, the main
reaction is iC4Hs = C,H; + C,H,, and for the tem-

perature of 1419.58 K is determined by the reac-
tion iC4H5 + Og =C,H, + HOZ

0.213C,H,/0.2090,/0.578Ar, H0.02, p=1atm, ¢=3.06

i-C4H5<=>C2H3+C2H2
CH20+H02<=>H202+HCO
H+02<=>0H+0
i-C4H5+02<=>C4H4+HO2
H+HO2<=>20H
H+HO2<=>H2+02
C2H4+CH3<=>CH4+C2H3
C2H2+H(+M)<=>C2H3(+M)
HCO+M<=>H+CO+M
i-C4H5+02<=>CH2CO+CH2HCO
HCO0+02<=>H02+CO
i-C4H5+C2H2<=>A1+H
Al<=>C4H4+C2H2
C2H4+H<=>C2H3+H2
C2H4+0H<=>C2H3+H20
C2H3+02<=>CH20+HCO
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Fig.10 — Reaction sensitivity analysis for ethylene/oxygen/argon flame
at the temperature (865.56 and 1419.58 K)

Fig. 11 illustrates the reaction pathway of
benzene C,H, flame at low temperatures (T<1500
K). As can be seen from the diagram, the ethylene
forms an intermediate molecule C,H; which form
the acetylene. So, acetylene is added another mol-

ecule of acetylene and forms an intermediate mol-
ecule iC4Hs. This intermediate molecule iC4Hs
adds another molecule acetylene and forms ring-
benzene. This is one way the formation of ring-
benzene.

| C.H, Je2{ nen, )

OH

':‘4;'[4 ] [ CoH, - C,H; }

Fig. 11 — Reaction paths from ethylene to benzene [18]

The second way is this - acetylene adds
-CHj radical and radical forms -C3;Hs, which forms
an intermediate molecule C,Hg then formed
nC4H;. Radical adds oxygen molecules and form
an intermediate molecule C,Hg and this molecule
forms intermediate molecule iC,Hs. As was found
in the sensitivity analysis the way that has been
described above, the formation of through iC,4Hs,
ring-benzene, and benzene ring may be formed

via an intermediate molecule C,H,, as shown in
the scheme.

Propane flame (propane/oxygen/argon flame ¢
=2.6, at 1 atm)

Figure 12 shows the results of the experi-
mental and calculated measuring the laminar
flame speed of premixed flames of propane-
0Xygen-argon mixtures.
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Fig.12 — Experimental (closed symbol) and computed (line) laminar flame speed of C3Hg flame

Figure 12 shows that the simulation results
with the mechanism [9] can be considered satis-
factory in stoichiometric flames, as well as in a
large excess of combustible material (¢ >1.6). The
greatest error occurs for the poor flames in the
range of ¢ = 0,6, where the differences reach 25%

in the results of the experiment and numerical
simulation.

In the Figure 13 are shown the numerical of
ignition delay time of the propane - oxygen mix-
ture with the addition of argon, the results are in
satisfactory agreement with the experimental data.
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Fig.13 — Experimental (closed symbol) and computed (open symbol) ignition delay time of CsHg flame

To propane flame (propane/oxygen/argon
flame ¢ = 2.6, at 1 atm) to simulate the measured
concentrations of molecules and radicals (CHy,
Csz, C2H4, C2H6, C3H4, C4H2, C4H4, C3H5), in'
volved in the formation of aromatic rings, as well
as aromatic molecules Al (Ce¢Hg) and A2 (CyoHg),
Fig. 14. The model predicted very well C3Hg, O;
and H,O concentrations for 0.2-0.6, 0.35-0.6 and
0.2-0.4 distance above burner  surface,

respectively. The H,O concentrations are under-
predicted between 0.0-0.2 and 0.4-0.6 distance
above burner surface. The model very well de-
scribed CO, concentrations for all distance. Meas-
ured and simulated concentration profiles of in-
termediate molecules CH,, C,H,, C,H4,C,Hs, and
radicals C;H,4, C4H,»,C4H4,CsHs, involved in aro-
matic ring formation, as well as the aromatic
molecule CsHg and A2 are shown in Fig. 14.
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Fig. 14 — Experimental (symbol) and computed (line) mole fraction profiles
of CH,, C,H,, CoHy, CoHg, C3Hy, C4Hy, C4H4, CsHg, AL, A2 in propane/oxygen/argon flame

The model fairly well predicted methane,
acetylene and ethane concentrations in a premixed
propane-oxygen-argon flame. The model pre-
dicted ethylene concentration to two times higher
than the measured data, although the post flame
zone is predicted quite well. The CsH,, C4H; and
C,4H, concentrations were quite well predicted in
the post reaction zone although the model under-
predicted in the preheat zone.

The calculated concentrations of benzene
and naphthalene are also lower than the experi-
mental values, but are within a predetermined er-
ror.

Figure 15 shows a sensitivity analysis of
the reaction of ethylene flame (C,H,) (¢ = 2.6) at
a temperature of 848 K and 1607.70 As show the
analysis for temperatures 848 and 1607.70 For the
main reaction is C,H, + H + (+M) = C;H; (+M).

Fig. 16 illustrates the reaction pathway of
benzene formation in flame of propane (C;sHs).

From these schemes, it follows that the
formation of the first aromatic ring-benzene hap-
pens after the expansion has occurred and the op-

erating time of the fuel aromatic precursors. The
reaction routes depend on the temperature. To the
low temperatures T <1500 K for propane flame is
dominated by routes which involve the formation
of i(n)CsH7, C,Hs and further C4Hs, which in final
reaction gives CsHs (Al). To high temperature is
dominated by reaction to form propargyl and the
main reaction is the reaction of the formation of
benzene formation propargyl.

Conclusion

» Developed reaction mechanism de-
scribes the PAH formation in laminar premixed
flame of saturated (CsHg) and unsaturated
(C,H,,C,Hy) hydrocarbons;

* The main parameter influenced first ar-
omatic ring formation is temperature (T), inde-
pendent of molecular structures or pressure;

» At T<1500 K the main aromatic precur-
sors are iC4Hs, C4Hs; at T>1500 K dominated
pathway to aromatic ring is H,CCCH recombina-
tion.
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0.2C,H,/0.360,/0.44Ar, H0.1, p=1atm, §=2.6 AL

C2H2+H(+M)<=>C2H3(+M)
C3H6+H<=>C3H5+H2
C2H2+02<=>HCCO+OH
C3H8+H<=>IC3H7+H2
H+HO2<=>20H
C2H2+0<=>HCCO+H
i-C4H5+02<=>CH2CO+CH2HCO
C2H4+0H<=>C2H3+H20
HCO+02<=>H02+CO
HCO+M<=>H+CO+M
C2H4+H<=>C2H3+H2
C2H4+CH3<=>CH4+C2H3
i-C4H5+02<=>C4H4+HO2
i-C4H5+C2H2<=>A1+H
A1<=>C4H4+C2H2
C2H3+02<=>CH20+HCO

-1,0 05 00
Relative sensitivity T=848.00K

Author: Marinov et al., 1997

0.2C,H,/0.360,/0.44Ar, H0.35, p=latm, ¢=2.6 B AL

H2CCCCH+02<=>CH2CO+HCCO
C4H2+0H<=>C3H2+HCO
C2H2+H(+M)<=>C2H3(+M)
C3H6+H<=>C2H4+CH3
CH4+0<=>CH3+0OH
C2H4+0H<=>C2H3+H20
i-C4H5+02<=>C4H4+H02
Al<=>C4H4+C2H2
Al+H<=>A1-+H2
C3H4+H<=>H2CCCH+H2
H+HO2<=>20H
H2+0<=>0H+H
C2H2+0<=>HCCO+H
2H2CCCH<=>A1
H+02<=>0H+0
i-C4H5+C2H2<=>A1+H
HCO+M<=>H+CO+M
HCO+02<=>H02+CO
C2H4+H<=>C2H3+H2
C2H3+02<=>CH20+HCO

08 -0,6 -0,4 -0,2 00 02 04
Relative sensitivity T =1607.70 K

Author: Marinov et al., 1997

Fig.15 — Reaction sensitivity analysis for propane/oxygen/argon flame
at the temperature (848.00 and 1607.70 K)

i e, Jep{ e, Fo{ o,

iH:'H;

+M

Fig. 16 — Reaction paths from propane to benzene [18]
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MEXAHU3M OBPA30OBAHUA APOMATUYECKHUX MOJIEKYJI B INIAMEHHA
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AHHOTaIHUA

OOpa3oBaHue TIEPBOrO apOMATHUYECKOTO KOJIbLIA-OCH30JIa TPOUCXOJUT MO AHAJOTHYHBIM PEaKIIMOHHBIM
MapIipyTam BO BCeX IJIaMEHaX, ITOCIIEe TOTO KaK MMPOU3O0ILIO pa3IoKeHHe TOIUIMBA U HapaOoTKa apoMaTuyie-
CKHX MPEKypcOpoB. BbIIO yCTaHOBIEHO, YTO PEAKIIMOHHBIE MAPIIPYTHI 3aBUCAT OT TeMIiepaTypshl. s HU3-
kux Temmepatyp, T<1500K, noMuHUpPYIOT MapmIpyTsl, KOTOpBIE BKIO4YaroT oopazoBanue C,H; u3 C,H,, u
nainee C4Hs, xoTopsiit B peakuuu ¢ C,H, naer CgHg. st Beicokux T nOMUHUPYIOT peakinuu oOpa3oBaHUs
nponapruna (C3Hz) 1 ocHOBHOM peaknueli oOpa3oBaHus OeH30I1a SBISETCS peakius o0pa3oBaHHs Mpomap-
ruja.

KuroueBble ¢j10Ba: MEXaHU3M, TJIaMsl, alleTHIICH, ITHJICH, TIPOTaH.
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AHHOTAIUSA

OTBIHHBIH TOJBIK BUIBIPAybIHAH KCHIH JKOHE apoMaTThl MPEKYPCOpPJapIblH TY3YJIyiHEH KeHiH Oapibik
KanblHIapaa OipiHII apoMaTThl CaKWHA-OEH3OJOBIH Ty3lTyi Oip MapmpyTheH Xypemi. Peaxiusibik
MapIIpyTTap TeMIlepaTypara TOYyelJi €KeHi aHbIKTaIbl. TemeHri temmeparynap ymiH, T<I500K, C,Hj;
woHe C,H, pamukannmapeibiy oman kediH CyHs pamuxanmapeiaeiy anetwieH C,H, MomekynackiMeH
opekerrecin CgHg MomekymacelHBIH Ty3inyi OachiHKHI Kemermi. JKorapsl TemmepaTypaiapia Hpomapriil
(C3H3) MomexymackiHaH O€H30J1 MOIJIEKYJIACHIHBIH TY3LTyli OachIHKBI JKOHE OEH30J aiy/bIH €H MaHBI3/IbI
JKOJTBI OCHI JKOJI OOJIBIT TaObLIA B,

Tyiiinai ce3mep: MexaHU3M, XKaJbIH, alleTHICH, STHJICH, TIPOIIaH.
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