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A MODELING STUDY OF ALLENE OXIDATION
AND PYROLYSIS

Abstract. The present work is an extension and upgrade of the earlier published detailed DLR reaction
mechanism for the allene oxidation chemistry. Experimental data for ignition delay times obtained in shock tubes
(ST), laminar flame speed data and species concentrations measured in laminar flames were used for the model
revision and refinement. Threeoxygenated components C;H;00, C;H,OOH, H,CCHCO and their reactions, related
to the lower temperature oxidation reactions, were newly included in the model. The thermodynamical properties of
these species and reaction rate coefficients for H,CCCH+O,SC;H;00, C;H;005C;H,00H and
C;H,tHO,SC3H,00H were estimated using group additivity methods. The rate coefficients for most important
reactions were revised on the basis of literature data; their uncertainty factors were estimated using statistical
method. The developed mechanism was validated on the literature experimental data over parameters ranges of
initial pressure 0.03-10 atm, the temperature 300-2500 K, the equivalence ratio 0.7-1.7 for allene and its mixtures,
such as allene/propyne, allene/metane, allene/acetylene. The obtained model reflects well experimental data, but
there is some inconsistency between experimental data for ignition delay times. However, the performed
improvements in the C;H, oxidation chemistry led to progress in simulation of concentration profiles of the
polyaromatic hydrocarbon (PAH) precursors.

Keywords: reaction mechanism, allene, oxidation, ignition, flame.

Introduction

Better understanding of the C; hydrocarbon oxidation is an important scientific topic, due to two
reasons: they are key intermediates in the combustion of hydrocarbon fuels such as propane, n-butane, n-
heptane and iso-octane [1-3], and play an active role in the propargyl formation, which is one of the most
important PAH precursors.

Allene is a significant intermediate in the combustion of propene. The resonantly stabilized propargyl
(H,CCCH) radical, which plays the major role in formation of first aromatic molecule, benzene (A1), is
formed mostly in reactions of the allene decomposition and H-atom abstraction. The literature analysis
showed that only several studies, numerical and experimental [2,4-8] were addressed to the C;H4
combustion.

Fournet et al. [S] measured the ignition delay times of allene and propyne behind reflected shock
waves in the temperature range of 1000-1650 K and the rather narrow pressure range of 8.5-10 atm. On
this basis, their reaction mechanism for acetylene, propyne, allene and 1,3-butadiene was developed [5].
Besides their measured data [5], experiments on the species concentration profiles obtained in premixed
flames with fuels such as acetylene by Bastin et al. [9], Westmoreland et al.[10], and 1,3-butadiene by
Cole et al. [11] premixed flames were used for the allene sub-mechanism [5]validation.

Faravelli et al. [7] studied the oxidation of propyne and allene in a jet-stirred reactor (JSR) and
proposed the chemical kinetic scheme for the C;H,4 oxidation at the intermediate- and high-temperature
regions. Faravelli et al. [7]shown that the isomerization reactions proceeding via direct and H addition
routes are significant in the oxidation. The developed reaction scheme has been tested on the experimental
results obtained in ST experiments of Curran et al. [4], laminar flame of Miller et al. [12]and JSR [7].
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Petrova et al. [8] proposed a detailed chemical-kinetic mechanism for the high-temperature
combustion of allene. It was shown that the combustion properties of allene and propyne are quite similar
and their ignition times measured in shock tubes are practically identical. The mechanism [8]was verified
against ST experimental data [4] and laminar flame speed data of Davis et al. [6].

The most detailed study was recently published by Vourliotakis et al. [2]. They extensively studied
existing uncertainties regarding the C;H, isomers chemistry and tested their model on the ST ignition
delay data [4]and on concentration species investigated by Hansen and co-workers [13,14] in laminar
flamesof allene and propyne. It was concluded [2] that the dynamics of allene and propyne breakdown are
more dependent on the initial stoichiometry, and less dependent on the isomeric structure.

The present study is a part of the on-going work aimed at optimizing the PAH kinetic mechanism
formation [15-17] and reports results of the C;Hy sub-model upgrade at lower temperature, i.e. the second
stage in the planned C; oxidation chemistry updating. The reaction model was improved on the
experimental data for ignition delay times obtained in the shock tubes, laminar flame speed data and
species concentrations measured in laminar flames. Overall integrated parameter ranges were: initial
pressure 0.03-10 atm, the temperature 300-2500 K, the equivalence ratio 0.7-1.7 for allene and its
mixtures, such as allene/methane, and allene/acetylene.

Kinetic Model

The detailed chemistry of C;H4 sub-model is a part of earlier published C;H, sub-mechanism of
Auyelkhankyzy et al. [15]at high-temperature, which consists of 111 species and 926 reversible
elementary reactions including the PAH chemistry up to 5-ring molecules. The C3H, sub-model upgrade
was carried out through the model optimization based on the experimental data from [4-6,12,13,18]. The
numerical calculations have been performed with Chemkin [19] and Chemical Workbench [20] software.
Constant-volume, homogeneous, and adiabatic conditions behind the reflected shock wave have been
used to model the shock tube experiments.

First simulations of ignition delay times revealed that the model [15] does not reproduce correctly
ignition delay data for lower temperatures: in this case 1100-1350 K. It was found out that the oxidation
of allene at lower temperature was inhibited with the H,CCCH formation. This has been explained with a
disbalance between the chain-branching reactions of a prompt dissociation and the chain propagation by
bimolecular reactions of chemically activated species.

The chain propagation bimolecular reactions being in the model

H,CCCH+O,«»CH,CO + HCO (R1)
H,CCCH+0,<>CH;CO + CO (R2)
HzCCCH+Oz<—>C2H3 + COz (R3)

are very important at high-temperature oxidation [18], but they did not influence the low-temperature
oxidation. The reaction channels which could contribute to propargyl consumptions significantly have not
found. According to the general reaction schemes [21,22]for low-temperature oxidation, we supposed to
include the peroxy radical, C;H;00, formation in the studied model

H,CCCH+0,5C;H;00 (R4)

The following sequence converts peroxy radicals to other radicals

C;H;005C;H,00H (R5)
C;H;005H,CCHCO+O (R6)
C;H,+HO,5C;H,00H (R7)

Four oxygenated components C;H;00, C;H,O0H, H,CCHCO, and C;H,0 were finally included in
the model. The presence of H,CCHCO in the system has been shown in the study of Nguyen et al. [17],
who investigated the H,CCHCO radical formation by oxygen attack of C;Hj.

The reaction rate coefficients for (R4), (R5) and (R7) have been evaluated applying group additivity
methods [23].The rate coefficient of (R6) was evaluated by analogy with similar reaction,
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CH,CHOO=CH,CHO+O, studied by Goldmith et al. [24] and finally the k6 was multiplied to 10. The
modification in the DLR mechanism [15] conducted in the present work is shown in Table 1.

Table 1 - Modifications in the DLR mechanism conducted in the present work

) k, cm’,s, mole, K Ref.
Reaction A n E,

R4 H,CCCH+0,5C;H;00 6.000E+12 0.00 0.00 This work
R5 C;H;005C;H,O0H 2.032e+08 1.14 17395.0 This work
R6 C;H;005H,CCHCO+0 5.220E+30 -4.71 21170.0 See text
R7 C;H,+HO,5C;H,O0H 1.000e+13 0.00 0.00 This work
R8 H,CCCH+H,05CH2CHCHO+H 6.000E+12 0.00 1042.0 [2]
R9 CH,CHCHO+HSH,CCHCO+H, 1.150E+13 0.00 12107.3 [25]
R10 CH,CHCHO+OHSH,CCHCO+H,0 8.000E+14 0.30 8304.0 [25]
R11 H,CCHCOSC,H;+CO 1.000E+15 0.00 8304.0 [25]
RI12 H,CCCH +0OsC;3H,0+H 2.100E+14 0.00 17300.0 [2]
R13 H,CCCH +OHsC3H,0+H, 1.400E+14 0.00 0.00 [2]
R14 C;H,05C,H,+CO 1.200E+13 0.00 0.00 [2]
R15 C;H,0+OSHCO+HCCO 8.510E+14 0.00 357229 [2]
R16 C;H,0+OHSHCO+CH,CO 1.000E+13 0.00 0.00 [2]
R17 H,CCHCO+HsC3H,0+H, 1.000E+13 0.00 0.00 [2]
RI18 H,CCHCO+0OsC;H,0+OH 6.000E+13 0.00 0.00 [2]

The rate constants are given at 1 atm (k(T) = AT"exp( — E,/T)) in cm’, mol, s, K units.

Results

Ignition of C3H/Oy/Ar mixtures

The simulations of experimental data [4,5] identified some discrepancies between these two data sets.
Despite the similar initial temperature and identical mixture compositions, the results obtained in these
studies demonstrate quite different trends. The data from [5], Fig.1, shows the faster ignition than it was
observed in [4] for temperature >1650 K, and are slower than data [4] at temperature lower than 1350 K
under similar conditions for equivalence ratio. The faster observations can be logically explained with the
higher pressure. One possible explanation for the deaccelerating of the ignition delay time with the
pressure growth could bean increasing the HO, production caused by higher pressure, i.e. ps=8.5-10.0
atm, in experiment [5], in comparison to ps=2.1, 3.5 and 5.0atm in experiment [4]. However, at studied
temperatures [4,5], Ts = 1350-1850K, this effect is no longer so strong to slowdown the ignition delay
time with factor of 2.5, as it follows from the experimental data comparison, Fig.1.The sensitivity analysis
has been carried out by changing the rate constant of C;H,+#HO,SH,CCCH+H,0, in ranges defined with
uncertainty analysis [15]. The results of this analysis indicate the nonsignificant influence of this reaction
in contribution to the changing of the ignition trends. This analysis can indicate on the possible
inconsistency of these two datasets.

0.01 a-C,;H,+ 0.04 O, + 0.95 Ar, ¢=1.0 0,01 p-C_H 004 0, +0.95 Ar, §-1.0

1000

—
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(=3

[}
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Ignition delay time, pus
Ignition delay time, s
=2

Exp. & Calc. N
oL ® p,=2.1 atm [4] { -
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Figurel - Comparison between computed and experimental [4,5] ignition delay times of C;H4/O,/Ar
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The introduced reactions (R4)-(R7) improved sufficiently the simulations of data from Curran et al.
[4]for T5<1350 K, Fig.1, and increased the disagreement with data of Fournet et al. [S]for these
temperatures: the model under-predicts measurements from [5]. Calculated values, as it was described
above, were used for k,, ks, k; without any changes. The rate constant ks was multiplied to 10 to accelerate
the ignition simulations at lower temperatures.

The obtained progress in experimental data reproduction is shown in the Fig. 2. The least square
residual for ignition delay time calculated with initial model and with the present one was reduced from
8.03E+01 to 2.96E+01.

| Exp. & Cale.

m} o

<
N

—
o
T

P z sﬁi

é % I T

-g 1025 2 X 3

.g E o g' | S

=L g |

= 10k I 4
0 50 100 150 200 250 300

Target numbers
Figure 2 - Comparison between computed models and experimental ignition delay times of C;H,/O,/Ar [4,5]

Laminar flame speed of C3H /air mixtures

The present mechanism validated on the basis of the experimental data by Davis et al. [6], which
studied the oxidation of propyne/(18% O, in N,) mixtures in laminar premixed flames using the counter-
flow twin flame configuration. The sensitivity analysis is populated with reactions of hydrogen and C,
hydrocarbon species, and there are only a few reactions of allene and propargyl that influence laminar
flame speed at all stoichiometric conditions. The addition of the reactions (R4)-(R8) to the mechanism
lead to nonsignificant change in the laminar flame speed data at lean to rich equivalence ratio. This
modification leads to predict the shape of the laminar flame speed curve reasonably well. The results are
shown in [15].

Concentration species of C3H/O,/Ar mixtures

A successful reproduce the ignition delay times of both allene and propyne mixtures and laminar
flame speed data for propyne leads to main goal of this studys; it is to describe the major and intermediate
species formed in flames and to improve the reaction pathways of PAH formation and growth in
modelling tools to predict soot precursors formation in allene flame.

The initially validated against species concentration profiles data results show in excellent agreement
for major stable species, such as C;H,, O,, Ar, H,, H,O, CO, CO, in all flames. The model over-predicts
the CH; and CH4; mole fractions obtained from [13], but the experimental data observed from
[12]accurately reproduced very well, Fig. 3. It can be explained, as it noted from [13], in experimental
data obtained from [13 Jmole fractions of these components no detectable amount in the post-flame
region.

Concentration profiles of C,H,, C,H3, C;H4, and C,H¢ was obtained from [18] and [13]. Mole faction
of C,H, obtained from [13] predicted quite accurately, but experimental data obtained from [18] is over-
predicted almost 2 times. The data between each other is not consistent. Lower mole faction for C,Hj; is
observed with the present model compare the experimental data [13]. The mole fraction profiles for C,H,4
and C,H obtained in both experimental data from [13,18] model reproduced in excellent agreement.
Figure 4 shows the comparing of the experimental data and modeling results of C,H, and C,H,.
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Nevertheless, the detection the isomeric composition for C; hydrocarbons [13] in allene flame we
have only singlet propargylene (HCCCH) as C;H; and allene as C;H, in present model. The first reason is
the objective of achieving simplifications and secondly is the indistinguishable behavior of the ignition of
allene and propyne. Predicted and experimentally derived mole fractions profiles for radicals CsH; and
C;H; are in excellent agreement, Fig. 5. The C;H, mole fractions peak at experiment is 1.00x10%, but
prediction is 2.25x10". The present model is over-predicted the mole fraction profiles for molecules C;Hg

and C;Hg obtained from [18]. It is the next goals.
— 16 ——
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The present model reproduced lower mole fractions profiles for C4H, obtained [13] and [12], Fig.6.
Mole fractions profiles for C4H,4 obtained from [13] and [12] is inconsistency, for data obtained from [13]
model is under-predicted, but for data from [18] model is over-predicted. Mole fraction profiles for C4Hs
obtained from [13] are 2.00x10", but prediction is 2 times high. C4,Hs mole fractions profiles obtained
from [18] predicted accurately. The CsHs mole fractions peak at experiment is 1.50x10* from [13] but
prediction is 7.50x10°.
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Figure 6 - Experimental (symbol) [12,13,18] and computed (line) mole fraction profiles of C4H, and C4H, in C3H4/O,/Ar flame

Prediction the concentration profiles of benzene is too high for all these three flames. The prediction
of benzene profiles is possible after developing the sub-models to propene and propane.

Conclusions

A new detailed kinetic mechanism has been proposed to model the oxidation of allene and their
mixtures. The mechanism for allene is derived from recent mechanisms for the oxidation of acetylene and
allene and has been successfully validated using experimental results obtained in a shock tube reactor and
in laminar flames. The mechanism for the mixture can qualitatively reproduce the evolution of the
ignition delay times, laminar flame speed, and species concentration profiles observed. Three more of the
missing reactions with propargyl radical, which is not been previously reported in the literature have been
added. Addition of these reactions is given possibility reproduced the ignition delay time at lower
temperatures. Unfortunately, due to non-availability the experimental data of the oxidation of allene at
low-temperature T > 1000 K do not impossible to validate the mechanism. The hierarchical structure of
present C;Hy sub-mechanism will be used for further developing a sub-mechanism for propene that is
consistent with the available experimental combustion data for this fuel; then, finally, keeping these
mechanisms fixed, find a successful mechanism for propane.
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M.Oyeaxankpi3bl 2, H.A.Caasunckas', T.A. Illa6anosa’, 3.A.Mancypos™

"Kany TexHONOrHANAPBIHBIH HHCTUTYTHI, Hemic asporapeim opransirs (HAO), ITytrapt, lepmanmus;
29J1—<Dapa61/1 ateiaarel Kasak ¥nrTeik YHuBepcuteTi, AnMatsl, KazakcTas;
*¥auy npobremanap HHCTHTYTHI, AnMaThl, Kasakcran

AJIVIEHHIH TOTBIF'YBIH )KOHE IINPOJIN3IH MOJAEJIBJAIK 3EPTTEY

Annotanusi. Ocel Makanana HAO-HBIH peakuusuiblK MEXaHU3MI HETi31H/le aIIEHHIH TOTHIFYBIHBIH XUMUSUIBIK
peakLHsIIapbl KEHEHTII KoHe JKaHAPTHULIBL. PeakIMsuIbIK MEXaHH3MIl TeKCepy JKOHE OHTaIaHIBIPy YIIiH COKKBI
TYTITiHJE albIHFaH TYTaHy YaKbIThl OOMBIHINA, JAMAHAPIIBI JKAJIBIH KbUIIAMIBIFBI OOMBIHIIA KOHE KOMIIOHEHTTEPIIH
KOHIICHTPaLUsUTapBIHBIH Tpodribaepi OOUWBIHIA aJbIHFAH SKCIIEPUMEHTTIK epeKTep KonmaHsuinel. HoTmxkecinae,
QUICHHIH TOMEH TeMIlepaTypaia TOTBHIFYbIH CHIIATTay YINiH MEXaHH3MI€ )KaHaJaH YLI OTTeriMeH OailbIThLIFaH
C;H;00, C;H,00H, H,CCHCO KOMIOHEHTTEPI JKOHE OJIAPBIH peakiusuiapbl eHri3iami. Ocbl KOMIIOHEHTTEPIIH
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TepMoAMHAMUKANBIK Kacuerrepi xoHe H,CCCH+0,5C;H;00, C;H;005C;H,00H, C;H,+HO,SC3H,O00H
PeaKIIsUIapbIHBIH KBUIIAMIBIFBIHBIH KO3 GUIIMEHTTEePl TONTHIK KOCBIHIBI 9iCi apKbpUIbl Oarananapl. EH MaHBI3IIBI
peaKIsIapAplH KBUIIAMABIK KOX(QQHUIMEHTTEepl ome0n AepeKkTep HeTi3iHae KalTa Kapalibl XOHE OJIapIblH
Oenricizmik (akTopiaapbl CTATUCTUKANBIK OHJEY apKbUIbl OaranaHibpl. OHJENreH MOJAEeNb o1edu TIxipHOeIiK
nepekrep Herizige KpickiM 0.03-10 at™, temmeparypa 300-2500 K »xome skBuBaneHTTIK KatbiHachl 0,7-1,7 TeH
AJUICH JKOHE OJIAPJBIH KOCHajJaphl aJUICH/IPONKH, AJUICH/METaH >XOHE aJUICH/alleTHIICH HETI3IHAEC TEKCepIi.
AnbIHFaH MOJENh OSKCIICPUMEHTTIK JIEPEKTEp/i JKAKChl CHUIATTAiIbl, OipaKk TYTaHy YaKbITTapbl OOWBIHIIIA
OKCIIEPUMEHTTIK JIEpeKTep apachiHna caiikeccizmik Oap. Anaina, CsHy TOTHIFYBIHBIH XMUMUSUIBIK PEaKLHSIaPBIHBIH
KeHelTiyi noiauapomattsl kemipcyTtekrepain (ITAK) xoHumeHTpanusiapslHbIH NpOQHIbISPIiH TOJIBIK CHIIATTAYyFa
QKEJIl.
Tipek co3ep: peakiisUIbIK MEXaHU3M, aJUICH, TOTBIFY, TYTaHY, KaJIblH

YK 541.183; 547.532:542.943; 547.91:542.943
M. AyenxankbizeiZ, H.A. CiaBunckas’', T.A. Illaéanosa’,3.A. Mancypos™

'Mucturyr Texnonoruii lopenust (HALL), Ityrrapr, [epmanns;
’Ka3axCKHil HALMOHAJIbHBIIA YHHUBEpPCHUTET NMeHU anb-Dapadu, Anmatel, Kazaxcran;
*Uncruryt npobaem ropenus, Anmarel, Kazaxcran

MOJEJMPOBAHUE OKHUCJIEHUSA U ITIUPOJIN3A AJIVIEHA

AnHoranus. Hacrosmas paboTra TOCBAIIEHA pACIIMPEHHAI0 W YIYYIICHUIO paHee OMyOIHKOBAaHHOTO
mopobHOTo MexaHm3Ma peakuyd DLR i XuMun OKMCTICHHS ajieHa. DKCIIePIMEHTAbHbIE JaHHBIE TI0 BpEeMEHaM
3aJiep)KeK BOCIUIAMEHEHHs TOJIYYCHHBIX B YJApHBIX Tpy0ax, JaHHbIE [0 CKOPOCTSIM JIAMHHAPHBIX IIaAMEH |
npoduiIsiM KOHIEHTPAIlMM KOMIOHEHTOB, IOJyYeHHBIX B JIAMHHAPHBIX I[UIAMEHAX, ObUIM HCIOJIb30BaHbBI IS
TECTUPOBAHUS W ONTHMHU3AIMH PEAKIMOHHOTO MeXaHu3Mma. Tpu okcureHmpoBaHHbIe KommnoHeHThl C;H3;00,
C;H,00H, H,CCHCO wu ux peakiuu, KOTOPble Ba)XHbI IS HU3KOTEMIIEPATYPHOTO OKHUCJIEHUS, ObLTA BIEpPBbIE
BKJIFOYCHBI B HaCTOHHJ,yIO MOICJIb. TepMOJII/IHaMI/I'-IeCKI/Ie CBOﬁCTBa 9TUX KOMIIOHCHTOB U KO3(1)(1)I/IL[I/I€HTI)I CKOpOCTI/l
peakiuun  H,CCCH+0,5C3H;00, C;H;005C;H,O0H wu C;H,7HO,SC3;H,O0H  Obutn  OIlCHEHBI ¢
HCTOJIB30BAHUEM METOMa TPYIIOBON agauTHBHOCTH. K03((UIMEHTBI CKOPOCTH U HanOOJee BaKHBIX PEaKITHA
OBUTH TIEPECMOTPEHBI HA OCHOBE JINTEPATYPHBIX JAHHBIX M WX KOA(D(DHUIMEHTH HEONPEACICHHOCTH OLICHUBAIUCH C
HCTIOJB30BAaHUEM CTAaTHUCTUYECKOTO MeToaa. Pa3paOoTaHHBI MexaHW3M OBbUT TOATBEPIKIEH JIMTEpaTypPHBIMH
SKCIEPUMEHTANBHEIMA JaHHbIMH Tipu naBieHun 0,03-10 atM, temmepatype 300-2500 K, u nmpu koaddununenre
skBuBaneHTHOCTH 0,7-1,7 I alieHa W ero cMeced, TaKMX Kak aJUICH/TIPOIUH, aJUIeH/METaH, alUIeH/alleTHICH.
[TomyuerHass Mozens YHIOBIETBOPUTEIBHO BOCIPOM3BOAUT OSKCIIEPUMEHTAJIbHBIE NaHHBIE, HO €CTb HEKOTOpHIC
HECOTJIACOBAaHHOCTh MEXIY AKCIEPHIMEHTAIFHBIMH JaHHBIMH TI0 BpEMEHaM 3aJepkeK BocIiutaMeHeHus. OTHaKo
BBINIOJIHEHHbBIC yaydlleHus: B xuMuu okucieHus C;H, mpuBenn k mporpeccy B MOJCIMPOBAHHMU MPOGuiiei
KOHIIEHTpaIlUY ToJiuapoMaTuieckux yriaesogopoaos (IIIIAY).

KiroueBble cjioBa: peakilMOHHBIN MEXaHU3M, ajllIcH, OKHCIICHHUE, BOCIUIAMCHEHHUE, TITaMSI.
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