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REACTION MECHANISM
FOR THE OXIDATION OF ALLENE AND PROPYNE

Abstract. The study of detailed chemistry of allene and propyne in hydrocarbon combustion are very impor-
tant, because they are precursors of propargyl radical (H,CCCH). Propargyl radical plays a main role in formation of
first aromatic molecules, benzene, which it is start to growth polyaromatic hydrocarbons (PAHs), and soot formation.

This paper focuses on the development a reaction kinetic sub-mechanism for the oxidation of allene and
propyne which is included in the reaction data of the base of the DLR. The detailed chemistry of allene and propyne
is a part of earlier published C,-mechanism with polyaromatic hydrocarbons (PAHs) formation. The sub-mechanism
of C;H, reaction was analyzed on the basis of published studies. Experimental data of ignition delay times and
laminar flame speed have been used for validation and improvement of general oxidation reaction paths. In the
results, the mechanism was adopted 6 reactions; the rate constants for 7 reactions at the high- (T>1500K) and
low-temperatures (T<1500K) ignition were modified. The rate coefficients for reactions C;H, + H = H,CCCH + H,,
C;H, + H = CH; + C,H, and C;H, + HO, = H,CCCH + H,0, have evaluated with statistical treatment. Modified
model shows to accurately reproduce the ignition delay times and laminar flame speed of both allene and propyne
mixtures at ps=2-10 bar, Ts=1100-1840 K and ¢=0.5-2.0 and laminar flame speed at T(=298K, p=1 bar, ¢=0.6-1.8.

Keywords: modeling, mechanism, allene, propyne, oxidation.

Introduction. Polycyclic aromatic hydrocarbons (PAHs) and soot particles are among the priority
pollutants, as they have carcinogenic activity and are dangerous for human health. In this connection, the
scientific interests to investigation the kinetic mechanism of PAHs and soot formation have not weakened
in recent decades [1-3].

The study of detailed chemistry of allene and propyne in hydrocarbon combustion and pyrolysis are
very important, because they are precursors of propargyl radical (H,CCCH). It is now well established as
experimentally and as theoretically that propargyl radical is important radical, which is a critical
intermediate on the formation of the first aromatic ring, PAHs, and soot formation.

This paper aim is to develop a reaction kinetic sub-mechanism for the oxidation of allene and
propyne.

C;H -sub model. The detailed chemistry of allene and propyne is a part of earlier published C,
mechanism [4] which consists of 111 species and 920 reversible elementary reactions. This mechanism
has been initially validated against ignition delay data [5, 6] and laminar flame speed [7] of both allene-
and propyne-oxygen-argon at pressures ps = 2—10 bar and for a wide range of stoichiometries ¢ = 0.5-2.0.
The characteristic data of experimental flames and their uncertainties are summarized in Table 1.
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Table 1 — Evaluation of uncertainty intervals for the selected shock tube experimental data

Driven section
Ref. Ts, K ps, bar o Dilution | tpe.s s | Uncert., %
L, m Int. d, cm
[51 | 3.65| +5% | 4.5 | +5% | 1200-1900 | +5% 2.0-5.0 | +5% | 0.5-2.0 yes +5% 45%
[6] 40 | +5% | 7.8 | +5% | 1000-1650 8.5-10.0 | +5% | 0.5-1.0 yes +10% 45%

*Initial uncertainty is 20%.

Numerical modelling was performed using the SENKIN (for simulation of ignition delay time) and
PREMIX (for simulation of laminar flame speed, sensitivity analysis, rate of production analysis
(ROPAD)) code from the CHEMKIN II package [8] and Chemical Workbench [9].

The initially validation against experimental data of ignition delay time and laminar flame speed
shows that the mechanism is described the oxidation of allene and propyne (C;H,) the range of tempera-
ture interval 1300—1500 K, but does not describe at high- (T > 1500K) and low-temperature (T < 1300K).

First step of the improving the sub-mechanism of C;H, is sensitivity analysis, which to identify the
most important reactions for the development of the oxidation reaction chain. Analysis have been carried
for several temperatures, as at satisfactory described (Ts = 1381 K) and as at unsatisfactory described
(Ts=1893 K, Ts = 1636K, Ts= 1226 K). For every temperature 10 major reactions, which influence to
ignition delay time are shown in Figure 1. This analysis has shown that allene/propyne decomposition
reaction H,CCCH + H (+M) = C;H, (+M) (R403) is important reaction for low- and high-temperatures.
Another the most important reactions for high temperature are H-consuming reactions:
C;Hs + H = H,CCCH + H, (R395) and C;Hy + H = CH; + C,H, (R397); and to low temperatures
C;H,; + HO, = H,CCCH + H,0, (R396) reaction.

The theoretical and experimental rate constant of reactions (R395)-(R396), which were recommen-
ded in literature from different sources [10-20] have demonstrated that these rates are different at
same flame temperatures. For instance, the rate constant of Davis et al. [10] for reaction (R395) is almost
100 times faster than the corresponding rate of Miller et al. [13]. The rate coefficients for reactions

I T=1893 K, p.=2.1 atm, §=2.0 B T~1636 K, p=2.1 atm, 9=0.5
2H2CCCH<=>A1 H2CCCH+0<=>CH20+C2H
C3H4+H<=>CH3+C2H2 C4H6+H<=>C3H4+CH3
C3H4+H<=>H2CCCH+H2 H2CCCH+02<=>CO+CH3CO
H+02==>0H+0 H2CCCH+OH<=>C3H2+H20
H2CCCH+H(+M)<=>C3H4(+M) 02+H2CCCH<=>CH2CO+HCO
H2CCCH+H<=>C3H2+H2 H2CCCH+02<=>C0O2+C2H3
H2CCCH+OH<=>C3H2+H20 C3H4+H<=>CH3+C2H2
HCCO+02<=>C0O2+CO+H C3H4+H<=>H2CCCH+H2
02+C2H<=>C0O2+CH H2CCCH+H(M)<=>C3H4(+M)
02+C3H2<=>HCO+HCCO H+02<=>0H+O
-0.05 0.00 0.05 0.10 002 001 000 001 002 003 004
Logarithmic response sensitivities Logarithmic response sensitivities
[ 7.=1381 K, p,=3.5 atm, $=2.0 B T=1226 K, p,=3.5 atm, $=0.5
C4HE<—=H2CCCHCH3 C3H5+C3H4<=>H2CCCH+C3HG
C2H3+02<=>CH20+HCO C2H21 022 HOCO L O
H2CCCH+C3HA<=>A1+H 02+H2CCCH<=>CH2CO+HCO
H2CCCH+02<=>CO+CH3CO H2CCCH+02<=>CO+CH3CO
H+02<=>0H+0 C4H6<=>H2CCCH+CH3
C2H2+02<=>HCCO+OH H+02<=>0H+0
02+H2CCCH<=>CH2CO+HCO C4H6+H<=>C3H4+CH3
H2CCCH+02<=>C02+C2H3 H2CCCH+02<=>CO2+C2H3
H2CCCH+H(M)<=>C3H4(+M) C3H4+HO2<=>H2CCCH+H202
C4H6+H<=>C3H4+CH3 H2CCCH+H(+M)<=>C3H4(+M)
-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 -0.005 0000 0005 0010 0015 0020
Logarithmic response sensitivities Logarithmic response sensitivities

Figure 1 — Logarithmic response sensitivities computed with initial C, mechanism for ignition delay time
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C;H; + H=H,CCCH + H; (R395), C3H, + H = CH; + C,H, (R397), and C;H, + HO, = H,CCCH + H,0,
(R396) have evaluated with statistical treatment (Figure 2). This allows the calculation of the uncertainty
factor, f(T), (generally not symmetric) traditionally used in chemical kinetics to determine the uncertainty
level for the reaction:

kupper (T) .
k(T)

ky(T)

f}(T) N klow(T) ’

1.(T) =

where £k is the nominal rate coefficient in the Arrhenius expression (cm3 , mol, s, K)
k(T) = AT"exp (— E,/T),

A, n, Ea — Arrhenius parameters; k,,, and k,,,.- are lower and upper bounds, respectively.
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To improve simulations of ignition delay times at high-temperature the reactions (R375), (R398)-
(R402) were newly adopted.

The unimolecular decomposition reaction (R398) competing to reaction (R403) plays an important
role at high temperature as well. The reactions of hydrogen abstraction (R399)-(R402) were added in the
model, because they are important reactions for the chain propagation and active radical production. The
reaction rate coefficients ksog — k400 Were adopted from Fournet et al. [6]; the rates of reactions k4o, and k4,
were added from Zhang et al. [21].

The important reaction for the chain brunching (R375) was studied by Klippenstein et al. [2] at
T = 600-2000 K and p = 0.001-100 atm. The reaction rate coefficients for (R376) and (R380) were
analyzed and revised. Finally, the rate coefficient values followed from [22] were prescribed to these
reactions (Table 2).
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Table 2 — Modifications in the DLR mechanism conducted in the present work

N Reactions A n Ea Ref.
R375 H,CCCH=C;H,+H 3.500E+38 -6.78 54250.0 [2]
R376 H,CCCH+OH=HCO+C,H; 4.000E+12 0.00 0.00 [22]
R377 H,CCCH+H=C;H,+H, 5.000E+11 0.00 0.00 [23]
R380 H,CCCH+0,=CO,+C,H; 3.010E+09 0.00 1443.0 [22]
R385 H,CCCH+OH=C;H,+H,0 2.000E+12 0.00 0.00 [24]
R395 C;H,; +H=H,CCCH+H, 1.000E+12 0.90 5560.0 [Est.]
R396 C;H4+HO,=H,CCCH+H,0, 2.300E+10 0.70 5800.0 [Est.]
R397 C;H,+H=CH;+C,H, 1.000E+14 0.40 3780.0 [Est.]
R398 C;H4=C,H+CH; 4.200E+16 0.00 50000.0 [6]
R399 C;H4+OH=CH,0+C,H; 2.000E+12 0.00 100.0 [6]
R400 C;H4+HO,=C,H,;+CO+OH 6.000E+09 0.00 4000.0 [6]
R401 C;Hs+OH=HCO+C,H,4 1.000E+12 0.00 0.00 [21]
R402 C3H+0=CH,0+C,H, 9.000E+12 0.00 1870.0 [21]

*Est. — Rate constants were estimated in this work. The rate constants are given at 1 atm (k(T) = AT"exp (— E,/T)) in

cmj, mol, s, K units.

The addition of these reactions led to the improved agreement with experimental data of ignition
delay time at high-temperature. However, the simulation shows that oxidation of allene at lower-
temperature should be further investigated. The principal scheme of low-temperature oxidation for allene
and propyne will be developed and oxygenated compounds like C;H,0, C;H,0,, CsH,O will be added to
the model.

Final simulation with C;Hs-sub model is shown that adopted and modified reactions reproduce
accurately the ignition delay time for both of allene and propyne mixture flame at high-temperature,
Figure 3.

The present kinetic model predicts the shape of the laminar flame speed curve reasonably well, but it
over-predicts the experimental data at lean to stoichiometric equivalence ratios (¢ = 0.7-1.1) (Figure 4).
Based on the model, the consumption of propyne and allene in laminar premixed flame is mainly due to
reaction R398.
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Figure 3 — Comparison between computed (dash line — initial-;
solid lines — modified- mechanism) and experimental (symbols) ignition delay times of C3H,/O,/Ar mixtures [5, 6]
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Figure 4 — Experimental (symbol) [7] and computed (line) of the laminar flame speed of C;H,/air flame

The complete scheme of the main reaction paths of oxidation and pyrolysis of allene and propyne at
high temperature in C;H4-sub model are shown on the Figure 5.

C=CH oxidation [>=R2R H C=C=CH
H H Hzc\/é K
| | +H, H(*M) CH
= C=C=C
HC=CH > o) | j HC=CH
L ]
H,C=C=CH H H HC=C—O
H .
[ ® | +O.HO, » H,C=CH
HE=C=CH H -C=C-C-H \
H H20=CH2
pyrolysis H,C=C=0
) +0H,0

> H,C=0

\ .
HC=0

Figure 5 — The major initial stages of oxidation and pyrolysis of allene and propyne in C3Hy-sub model

Conclusion. A detailed kinetic model was modified and verified against the experimental data of the
shock-tube ignition delay and the laminar flame speed data available in the literature. It was shown that
sub-mechanism of C;H, predicts the allene and propyne oxidation and pyrolysis at high-temperature data
reasonably well. The sensitivity analysis shows that reaction of C;H,=C,H+CHj; plays the important role
in pyrolysis of allene and propyne at high temperature. A detailed kinetic C;H; sub-mechanism of
oxidation of allene and propyne for low-temperature will be discussed later.
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M. Oyeaxankpibi, M. A66acu’, H. A. CaaBunckas', 3. A. Mancypos’

"Kany TexHONOrHsIAPBIHBIH HHCTUTYTHI, Hemic asporapeim opransiesl (HAO), ITyTrapt, lepmanus,
On-Dapabu atbiHmarel Kasak yITTHIK yHuBepcuteTi, Anmarsl, Kasakcran

AJUIEH XKOHE ITPOIIMHHIH TOTBIT'Y PEAKIIUACBIHBIH MEXAHU3MI

Annoranusi. Kemipcyrekrep aHFaH/ia TY3UIETIH aJUIEH )XaHE NPONWHHIH XMMUSICHIH TOJBIK 3€pPTTEY OTe
MaHbI3bI, ce0ebi onap npomaprmt paaukansiaeiH (H,CCCH) npekypcopiapsl 6ombin Tadbutazbl. [Ipomaprun pa-
UK, Tomunukini apomartel kemipeytekTepain (ITIJAK) sxoHe kyiie OemmexTepiHiH Ty3uTyiHIe OacTamkel pei
aTKapaThIH OipiHII apOMATTHI MOJIEKYJIa — OCH30JIIBIH TY3LUTYiH/IE 6T¢ MaHbI3/bIL.

Ocwl makanmaga HAO-HBIH peaknusuiblK 0a3achl HETI3IHIC alieH MEH IMPONHHHIH TOTHIFYBIHBIH Cy0-Mexa-
HU3MiHIH KHHETHKAIBIK PEaKIUACHIH yKacayra KOHUT OeiHIil. AJUICH MeH IMTPOIMHHIH XUMHUSICHI OYPBIH KapHsJIaHFaH
[MIIAK 6ap C, mexanuaMHiH Oip Gediri 6osbm Tadbuianpl. C3H, cyO-MexaHM3MiHACTI peakIysuIapra )KapHusilaHFaH
3epTTey JKYMBICTAP HETI3IH/AE Tanjgay kacajpl. TYTaHy yakbIThl XKOHE JIAMUHAPIIbI HKAJBIH KbUIIAM/IBIFBIHBIH JKC-
MEPUMEHTTIK JEPEKTepl Peakius MEXaHW3MIH TEKCEpy KOHE OHTaMIaHABIPY YIIiH naimamansiiasl. Hotmkecinge,
MexaHusmre 6 peakuust Kocbuiabl; TemeHri (T < 1500K) sxome >xoraper temmeparypama (T > 1500K) tyrany
YaKBITBIH CHIIATTay YIIiH 7 peakIUsSHBIH JKbUIAaMIBUIBIK KOHCTaHTackl xaHapTeuiael. C;Hy + H = H,CCCH + H,,
C;H, + H = CH; + C,H; xone C3H, + HO, = H,CCCH + H,0, peakuusiiapblHbIH SKbUIIAMIBLUIBIK K03 duineHT-
Tepi JePEKTEP/i CTATHCTUKANIBIK OHJICY apKbUIbl OarajgaH/pl. OHICITCH MOJIC aJUICH JKOHE MPOIMUH KOCHAChI YIIIH
ps = 2-10 6ap, Ts = 1100-1840 K, ¢ = 0,5-2,0 ke3inae tyraHy yakbITbiH xone To= 298K, p = 1 bar, ¢ = 0,6-1,8
KE31H/IeT1 JIJAMUHAPJIBI JKAIBIHHBIH KbUIJAMIBLIBIFBIH TOJIBIK CHIIATTAMIbI.

TyiiiH ce3nep: Mozaenney, MEXaHU3M, aJIJIEHA, IPOIIEH, TOTHIFY.

M. Ayenxankbibi'?, M. AG6acu’, H.A. Ciapunckas’, 3.A. Mancypos’

'Mucturyt Texnonoruit ropenns (HALL), LItyTrapt, ['epmanus,
Ka3axCKuii HAMOHATBHBIN yHHuBepcuTeT uM. anb-Dapadu, Anmarsl, Kazaxcran

MEXAHHW3M PEAKIIMIA OKUCJIEHUSA AJUIEHA M ITIPONTUHA

AHHoTanus. V3ydyeHne neTaqpHON XMMHUHM aJIJIeHA U IPOIMHA [IPU FTOPEHUH YTIEBOJOPOIOB OYEHb aKTyallbHO,
TIOCKOJIbKY OHH SIBJISIIOTCS MpeKypcopamu nponapruiisHoro paaukana (H,CCCH). [TponaprusibHelil paaukan urpaet
OCHOBHYIO pOJIb B 00pa3oBaHWU NEPBOH apoOMaTHUECKOH MOJIEKYJIbl, OCH30J1a, KOTOPBIA JaeT CTapT POCTY IOJIH-
LUKJIMYECKUX apomariueckux yriesogoponos (ITLIAY) u obpasoBanuio caxu.

B nactosime# pabore 0CHOBHOE BHHMaHHE ynensieTcsi pa3paboTKe PEeaKIMOHHOTO KMHETHYECKOro CyO-mexa-
HU3Ma JJIs OKWCJICHUS aUIeHa W TPOIIHA, BXOISIIET0 B peakuuoHHyro naHHbIX 0a3y HAILL (DLR). [lerampHas
XUMWS aJUIeHa ¥ TPOTIMHA SBJETCS YacThIO paHee omyOnuKkoBaHHOTO Mexarm3Ma C, ¢ obpa3oBanuem I1IIAY. Cy0-
Mmexanu3M peakipn C;Hy Obul mpoaHanu3upoBaH Ha 0a3e OMyOJMKOBAaHHBIX HCCIIEJOBAHUI. DKCIEPHUMEHTAIbHBIE
JaHHbIE [0 BpeMEHaM 3aJIep)KeK BOCIUIAMEHEHUS M CKOPOCTSM JIAaMHHAPHBIX IUIAaMEH OBUIM MCIOJIB30BaHBI IS
TECTUPOBAHUS U ONTHMHU3ALMU PEAKIMOHHOTO MeXaHW3Ma. B pe3ynbrare MexaHu3M ObLI JONONHEH 6 PEAKLUSIMH;
KOHCTaHTBI ckopocTed 7 peakuumii aiust Hu3kotemneparypHoro (T < 1500K) u BeicokoTemneparypsoro (T > 1500K)
BOCIUIaMeHeHus1 ObuH MouduimpoBaHsl. [Ipu 3ToM koadunmentsr ckopocreit peakimii C;Hy + H = H,CCCH + H,,
C;Hy + H = CH; + C,H, u C;Hy + HO, = H,CCCH + H,0, Obuti OlleHEHBI MyTEM CTATHCTUYECKOW 00pabOoTKH
JaHHBIX. MonuduIMpoBaHHAs MOAENIb yJOBIETBOPUTEIHHO BOCIIPOM3BOANT BpEMEHA 33JIEPiKeK BOCIIIAMEHEHUS JUIst
cMeceil alieHa u ponuHa npu ps= 2-10 6ap, Ts= 1100-1840 K, ¢ = 0,5-2,0 u ckopocTH JTaMHHAPHBIX [IAMEH JIJIS
amena ipu To= 298K, p = 1 bar, ¢ = 0,6-1,8.

Ki1ioueBble cj10Ba: MOIEIMPOBAHUE, MEXAHU3M, aJUIEH, IPOITH, OKUCIICHHUSI.
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