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Abstract

A detailed chemical kinetic model for the mixtures of Primary Reference Fuel (PRF:

n-heptane and iso-octane) and toluene has been proposed. This model is divided into

three parts; a PRF mechanism [T. Ogura et al., Energy & Fuels 21 (2007) 3233-3239],

toluene sub-mechanism and cross reactions between PRF and toluene. Toluene

sub-mechanism includes the low temperature kinetics relevant to engine conditions. A

chemical kinetic mechanism proposed by Pitz et al. [Proc. the 2nd Joint Meeting of the

U.S. Combust. Institute (2001)] was used as a starting model and modified by updating

rate coefficients. Theoretical estimations of rate coefficients were performed for toluene

and benzyl radical reactions important at low temperatures. Cross-reactions between

alkane, alkene, and aromatics were also included in order to account for the acceleration

by the addition of toluene into iso-octane recently found in the shock tube study of the

ignition delay [Y. Sakai et al, SAE 2007-01-4014 (2007)]. Validations of the model were

performed with existing shock tube and flow tube data. The model well predicts the

ignition characteristics of toluene and PRF/Toluene mixtures under the wide range of

temperatures (500-1700 K) and pressures (2-50 atm). It is found that reactions of benzyl

radical with oxygen molecule determine the reactivity of toluene at low temperature.

Although the effect of toluene addition to iso-octane is not fully resolved, the reactions



of alkene with benzyl radical have the possibility to account for the kinetic interactions

between PRF and toluene.

Keywords: modeling, PRF/toluene, cross reaction, ignition



1. Introduction

Practical fuels such as gasoline and diesel fuel contain a large number of

hydrocarbons and therefore it is impossible to run a simulation which includes all of

chemical and physical properties. However, the ignition characteristics of practical fuels

can be reproduced with several representative components of real fuels. Gauthier et al.

[1] have shown in their shock tube study that ignition delay times for RD387 gasoline

were successfully reproduced by a ternary model fuel (n-heptane/17%, iso-octane/63%,

and toluene/20% by liquid volume) at the range of temperatures from 850 to 1250 K,

pressures from 15 to 60 atm, equivalence ratio of 0.5, 1.0, and 2.0, exhaust gas

recirculation loadings of 0, 20, and 30%. This simpler representative fuel is termed the

“surrogate fuel”. In the review of Pitz et al. [2], they have recommended that a ternary

mixture of Primary Reference Fuel (PRF: n-heptane and iso-octane) and toluene

(hereafter PRF/Toluene) is suitable as a gasoline surrogate fuel for the purpose of

Homogeneous Charge Compression Ignition (HCCI) engine simulation.

Chemical kinetic models of PRF/Toluene were proposed in several previous

studies [3-7]. Recently, ignition delay times of toluene were measured using shock tube

[8] and Rapid Compression Machine (RCM) [9] at pressures from 10 to 61 atm and

temperatures 855 to 1400 K. Sivaramakrishnan et al. [10] measured stable products



using a High-Pressure single pulse Shock Tube (HPST) combined with a gas

chromatography-mass spectrometry at pressures 22 to 550 atm and temperatures 1210

to 1480 K. A detailed chemical kinetic model [11] was also constructed to predict these

experiment data. Chaos et al. [7] measured stable species for the oxidation of PRF,

toluene and their mixtures using Variable Pressure Flow Reactor (VPFR) at 12.5 atm

and temperatures from 500 to 1000 K. Their PRF/Toluene model is good agreement

with their data. However, none of the kinetic models can explain the ignition

characteristics over wide temperature and pressure ranges, and Pitz et al., [2] pointed

out that the further understanding of the chemical kinetics of toluene combustion is

required especially at low temperatures and high pressures to apply these models to

HCCI combustion.

Chemical kinetic interactions between alkanes and aromatics can be significant in the

combustion of PRF/Toluene mixtures. Generally, the interactions are discussed in terms

of radical pool effects [6, 7, 12]. When the toluene is added to PRF, toluene acts as a

radical scavenger and decreases the reactivity of mixtures. Vanhove et al. [13]

investigated the oxidation of surrogate fuel mixtures composed of n-heptane, iso-octane,

toluene, and 1-hexene by using a RCM below 900 K. In their study, it is noted that the

extrapolation of the ignition delay times of iso-octane/toluene mixture (iso-octane 65%,



toluene 35%) to higher temperatures (T>1100K) are shorter than those of pure

iso-octane. Such acceleration effect of toluene addition was not observed in

n-heptane/toluene mixtures. We also observed the acceleration by the addition of

toluene to iso-octane at high temperatures [14]. Ignition delay times of PRF/Toluene

were measured behind the reflected shock waves at 2 atm and temperatures 1200 to

1600 K. It was found that ignition delay times of n-heptane increased with the addition

of toluene, while those of iso-octane decreased with the addition of 0-50% toluene.

Such effect of toluene addition could not be reproduced by any existing kinetic models.

In this study, we constructed a detailed chemical kinetic model for the oxidation of

PRF/Toluene with focusing on the low temperature kinetics of toluene and kinetic

interactions between PRF and toluene.

2. Chemical kinetic modeling

A chemical kinetic mechanism proposed by Pitz et al. [15] (hereafter Pitz model) as

a starting model and modified it by updating rate constants mainly for toluene

(C¢HsCHs3) and benzyl radical (C¢HsCH;) reactions taken from recent studies and our

own theoretical estimations. This toluene sub-mechanism is merged to the PRF model

developed by Ogura et al. [16]. Cross reactions between PRF and toluene were also



added into the model. Thus our PRF/Toluene model contains 783 species and 2883

reactions. This kinetic mechanism with thermochemical data is available form the

author on demand.

2.1. Toluene sub-mechanism

Our modifications to the Pitz model are summarized as follows. First we have

updated rate constants and added new reactions based on recent published studies. The

rate constants of toluene with molecular oxygen [17], OH radical [18], H radical [19]

and its unimolecular decomposition reactions [20] were updated. Seta et al. [18]

measured the overall rate constants of C¢HsCH3+OH reactions at high temperatures and

estimated channel specific rate coefficients of this reaction on the basis of

RRKM-master equation analysis. They found that the abstraction channels from

phenyl-H are not negligible at higher temperatures. For example, the ratio of abstraction

from methyl-H to that of phenyl-H is estimated to be 2.2:1 at 1500 K. In the chemical

kinetic model of toluene oxidation proposed by Bounaceur et al. [21], the phenyl-H

abstraction reactions by OH, H, HO,, and CHj radicals to form methyl-phenyl radical

(CcH4CHs) and its subsequent reactions (especially, reactions to form cresol and cresoxy

radicals) are included. These abstraction reactions of phenyl-H were added into the

present model with the rate constants of Seta et al. for the reactions of OH radical and of



Bounaceur et al. for the reactions of other radicals. Recombination reaction of benzyl

radicals to form bibenzyl and its subsequent reactions [20] were also added because of

their importance in low temperature kinetics.

Next, we estimated several rate constants that were not fully understood so far by

experiments or theoretical studies. Sensitivity analysis shows that the abstraction

reaction of toluene with phenoxy (C¢HsO) radical, (R1), has a high sensitivity to the

ignition delay at low temperatures. C¢HsO and formyl radical (CHO) are produced by

the reaction of benzyl radical with molecular oxygen. These reactions are the main

pathways of toluene oxidation at low temperatures. Since there is no experimental or

theoretical study on these reactions, rate constants of the abstraction reactions of toluene

by CsHsO (R1) and CHO (R2) were computed on the basis of the Canonical Transition

State Theory (CTST).
CsHsCH3+C¢H;0CcHs;CH,+CsHsOH (Rl)
C¢HsCH3+CHO<C¢HsCH,+CH,O (R2)

Quantum chemical calculations were performed to obtain the height of energy barriers

for those reactions using Gasussian03 package [22]. The optimized structure, vibrational

frequencies and rotational constants of reactants, products and transition states were

calculated at the B3LYP/6-311+G(d,p) level of theory and energies were calculated at



the G3MP2//B3LYP/6-311+G(d,p) level of theory. The activation energy of (R1) and
(R2) were found to be 16.4 and 19.6 kcal/mol, respectively. The resulting rate constants

are expressed as follows (in units of cm’, K, mol, cal).

k, =5.431x10" exp(— 20923 'Oj
RT

k, =3.771x10" exp(— 23787'4}
RT

The rate constants of the reactions of benzyl radical with molecular oxygen were

also estimated. Recently, Murakami et al. [23] calculated potential energy barriers for

the various channels of the benzyl radical reaction with molecular oxygen at the

CBSQB3 level of theory. They concluded that there are three main pathways to form

benzyl-oxygen  adduct (C¢HsCH,OO),  benzaldehyde(C¢HsCHO)+OH  and

CsHs0+CH,O0. The CeHsCH,OO will further decompose to two channels;

CsHsCHO+OH and C¢HsO+CH,0. The internal hydrogen abstractions in C¢HsCH,OO0

have much higher activation energies than those decompositions from the chemically

activated C¢HsCH,00. As a result, the degenerated chain branching reactions, which

are important in alkane oxidation, can be neglected at the temperatures relevant to

combustion. Based on quantum chemical calculations of Murakami et al., the pressure

dependent, channel specific rate constants of CcHsCH,+O, reaction were evaluated by

using Variflex program [24]. Results are included in our model.



Channel specific rate constants of the reaction of benzyl radical with oxygen atom,

which has high sensitivity to ignition delay at high temperature, are also evaluated. This

reaction was studied experimentally by Hippler et al [25] and its net reaction rate was

reported. Emdee et al. [26] estimated the branching ratio to be 3:1 for channels to yield

H+C¢HsCHO and phenyl radical(CsHs)+CH,0. Since the value of this branching ratio

has rather large effects on the consecutive reactions in the toluene combustion, quantum

chemical calculations were performed to obtain the energy diagram of C¢HsCH,+O

reaction. The optimized structure, vibrational frequencies and rotational constants were

calculated at the B3LYP/6-31G(d) level of theory and energies were calculated at the

G3MP2B3 level of theory. Resulting energy diagrams are shown in Fig. 1. The energy

of the CcHsCH,-O adduct 1s 81.1 kcal/mol lower than that of reactants and there are two

main channels for the decomposition of this chemically activated adduct. One is the

channel to produce H+CsHsCHO with the activation energy of 17.2 kcal/mol relative to

the CcHsCH,-O adduct, and another is the channel to produce CcHs+CH,0O without any

transition state. The energies of these both channels are well below the reactants state,

as shown in Fig. 1, and therefore, the product branching ratios are approximately given

by the ratios of the micro-canonical rate constants k(E). The ratio of k(E) for the H+

CsHsCHO to the C¢Hs+CH,O channels is estimated to be 1:1.8. The ratio is expected to



have no temperature dependence. The values of overall rate constant are taken from

Hippler et al. [25].

2.2. Cross reactions between PRF and toluene

Ignition delay times of PRF/Toluene mixtures were measured at temperatures 1200

to 1600 K in our recent shock tube study [14]. It was found that the ignition delay times

were shortened by the addition of toluene (up to 30%) to iso-octane. This effects of

toluene addition are attributed to the cross reactions. In order to estimate the species

related to cross reactions, time profiles of intermediate species were calculated in the

oxidation of n-heptane, iso-octane and toluene at 1500 K with the current PRF/Toluene

mechanism. At higher temperatures, alkane produces mainly alkene before the ignition.

For example, ethylene (C;H4) is produced from n-heptane, and propene (Cs;Hg),

1so-butene (1C4Hg) and allene (aCsHy) are produced from iso-octane. On the other hand,

benzyl radical, benzaldehyde, benzene are dominant intermediates during the induction

period of toluene oxidation. Therefore, reactions between these intermediates are

expected to be important cross reactions. Following three types of reactions are

considered in the model.

(1) H atom abstraction reactions (R3).

RH+Q&R+QH (R3)
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Here, RH denotes toluene, benzene and benzaldehyde and QH denotes n-heptane,

iso-octane, C3Hg and iC4Hs. These reactions of H atom abstraction have been

considered in several modeling studies [4-6]. The rate constants were taken and

estimated from literatures [14, 21, 27].

(i1)) Recombination reactions between radicals produced from toluene and alkane.

Vanhove et al. [13] observed C¢HsCH,CH,C(CH3)=CH; as a product of PRF/Toluene

oxidation in their RCM studies. This molecule is expected to be produced by a

recombination reaction of benzyl and iso-butenyl radicals. Therefore, the reaction (R4)

is included in the present model.

C¢HsCH,+C4H76 CgHsCH,CH,C(CH;)=CH, (R4)

Recombination reactions of alkenyl radicals such as C;Hs and CsHs with benzyl radical

and their subsequent reactions were also included. The rate constants of these reactions

were estimated from similar reactions of benzyl radical in the toluene mechanism.

(111) Addition reactions of phenyl radical to alkenes.

As indicated by Fahr et al. [28], this type of reaction proceeds by the combination of

addition and [B-scission. The displacement reactions of C,Hs, CsHg and iC4Hg with

phenyl radicals (R5)-(R10), and their subsequent reactions were considered

C¢Hs+C,H4=Styrene+H (RS)

11



CeHs+C3He& CHsC(CH3)=CHy+H (R6)

C¢Hs+CsHg= Styrene+CHj (R7)

CeHs+C3Hs=CcHsCH,CH=CH,+H (R8)

CeHsHCHg&CeHsC(CH3)=CH,+CH;  (R9)

CeHs+HC4Hg& CeHsCH,C(CH3)=CH,+H  (R10)

Rate constants of these reactions were taken from the estimates of Tsang [29]. For the

benzyl radicals, corresponding reactions are endothermic, and therefore not considered

in the present model.

Vereechen et al. [30] calculated the potential energy barrier heights for the reaction

of aC;H4s+C¢Hs. They also derived the channel specific rate constants of this reaction

based on the RRKM-master equation analysis. At high temperatures, dominant reaction

channels are H atom abstraction (R3), (R11) and (R12). The reaction (R11) produces

benzyl radical and acetylene by the addition to double bond followed by H atom transfer

and B-scission. The reaction (R12) produce indenes (CoHg) and H atom by the addition

to double bond followed by H atom transfer and ring formation.

CsHstaC3H & CsHsCH,+CoH, (R11)

CsHstaC;Hs &~ CoHg+H (R12)

Corresponding benzyl reactions with allene were included in the present model. In case

12



of benzyl radical, H atom abstraction reactions (R3), (R13) and (R14) are need to be

considered.
CsHsCH,+aC3H, <~ CsHsCH,CH,+CoH, (R13)
CsHsCH,+aCsHs~C10H o (dihydronaphthalene )+H (R14)

Reactions (R13) and (14) are exothermic, and their rate constants are assumed to be

equal to those of corresponding aCsH4+CgHs reactions. Subsequent reactions of CjoHjo

are taken from Da Costa et al [31].

3. Results and discussion

For validating the present PRF/Toluene model, we have compared the model

predictions with some representative experimental results. All calculations were

performed by using CHEMKIN 4.1 program package [32]. For the simulation of

ignition delay times behind reflected shocks wave and species profile in flow reactor, an

adiabatic homogeneous reactor is assumed. In general, the present model predicts well

the reactivity of toluene and PRF/Toluene mixtures over wide range of temperatures and

pressures. Figure 2 shows the pressure dependence of ignition delay times of toluene

behind reflected shock waves at pressures from 2 to 50 atm [33, 34]. The ignition delay

times of toluene at 50 atm [34] are compared in Fig. 3 with different equivalence ratios

13



of 0.25, 0.5 and 1.0. Although the agreement is quite satisfactory at 12 and 50 atm, there

1s some discrepancy in high temperature data at 2 atm, as can be seen in Fug. 2. Figure 4

shows the comparison of CO+CO, mole fraction in the oxidation of toluene at 12.5 atm

obtained by a flow reactor experiments [7]. It is found that products of the toluene

oxidation in a flow reactor experiments (not only CO+CO, but also other stable

products) are well reproduced by the present model. Figure 5 shows the comparison of

the ignition delay times of PRF/Toluene mixtures at 25 and 50 atm [1]. The species

mole fractions in the oxidation of PRF/Toluene at 12.5 atm obtained by a flow reactor

experiments [7] are compared in Fig. 6. Those figures indicate that the present model

well predicts the reactivity of PRF/Toluene mixtures at wide range of temperature and

pressure. The ignition delay times of PRF with the addition of toluene obtained by

shock tube experiments [14] are compared with the simulation results in Fig. 7. Model

predictions with cross reactions (lines) agree with experiments better than the model

without cross reactions (dashed lines). Although the acceleration by the addition of

toluene to iso-octane is not reproduced, agreements in toluene/iso-octane mixtures are

largely improved by the inclusion of cross reactions.

Reaction path and sensitivity analysis were performed for the oxidation of toluene

and PRF/Toluene mixtures at various temperatures and pressures in order to understand

14



the ignition mechanism of toluene and the kinetic interactions between PRF and

toluene.

At low temperatures (T<1100 K), toluene reacts mainly with OH and Cg¢HsO

radicals to form benzyl radical. Benzyl radical reacts with molecular oxygen to form

benzyl-peroxy radical (R15).

CsHsCH,+0,=CsHsCH,O0 (R15)

Internal H-atom abstraction reactions of benzyl-peroxy radical are slow, and the

decomposition reactions, (R16) and (R17), are the dominant route of consumption of

the benzyl-peroxy radical.

C¢HsCH,00=C4H;CHO+OH (R16)

CsHsCH,O00=CsHsO+CH,0 (R17)

The reaction (R16) has high sensitivity to the ignition because this reaction is a main

source of OH in stead of the H,O, = 20H and H + O, = O + OH reactions which are

important at higher temperatures. Therefore inclusion of these benzyl+O, reactions

(R15-R17) is crucial to predict the ignition delay of toluene.

Sivaramakrishnan et al. [11] used collisional rate constants for C¢HsCH, + HO, =

Cs¢HsCHO + H + OH and C¢HsCH; + HO, = C¢Hs +CH,O +OH as important branching

reactions of benzyl radical. These lumped reactions are one of the most sensitive

15



reactions for the ignition of toluene at high pressures and composed of following
elementary reactions: C¢HsCH, + HO, = C¢HsCH,O + OH, C¢HsCH,0 = C¢HsCHO +
H and C¢HsCH,0 = C¢Hs + CH,0. Andrae et al. [6] included the elementary reaction of
CsHsCH, + HO, = C¢HsCH,0 + OH in their model with two orders of magnitude less
than collisional rate constant. They also included C¢HsCH; +O, = C¢Hs + CH,O + O as
a branching reaction with the rate constants which was adjusted to agree with measured
ignition delay times for toluene. In our model, we used rate constants for CsHsCH,+O;
and C¢HsCH,O obtained by theoretically as mentioned before. The CcHsCH, + HO,
reaction is important only around 1300-1600 K and its rate constant is assumed to be
5.00x10" cm’/mol/s in order to obtain good agreement with ignition delay times of
toluene at high temperature.

For the kinetic interactions between PRF and toluene, it is indicated that the reaction
of allene with benzyl radical is important for the kinetic interaction. In the iso-octane
oxidation, allene mainly reacts with H atom. On the other hand, allene reacts
dominantly with benzyl radical (reactions (R13) and (R14)) in the oxidation of
1so-octane/toluene mixtures. Therefore allene reactions with benzyl or phenyl reactions
have large effects in the mixtures of toluene and the branched alkane which produces

allene. Other alkene reactions with aromatic radicals are also other candidates for the

16



important cross reactions. However, experimental and theoretical study on the reaction

of alkene with aromatic radical is very scarce [35]. Detailed investigation of these

important reactions for PRF/Toluene mixtures is open for future study.

4. Conclusions

A detailed chemical kinetic model for PRF/Toluene has been proposed. The present

model is constructed with a focus on the low temperature kinetics of toluene which has

not been well understood in the past. The kinetic interactions between PRF and Toluene

are also examined in this work. It is confirmed that the present model predicts the

ignition characteristics of toluene and PRF/Toluene at the wide range of temperatures

(500-1700 K) and pressures (2-50 atm). The reactions of benzyl radical with molecular

oxygen determine the reactivity of toluene at low temperatures. For kinetic interactions

between PRF and toluene, it is suggested that the reactions between alkene and aromatic

radicals are important to predict the ignition delay times in the mixtures of branched

alkane and aromatic fuels. The reaction of allene and benzyl radical is especially

important in the mixtures of iso-octane and toluene. For further understanding of the

kinetic interactions, the detailed investigations of alkene with aromatic radicals are

required.
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Figure captions

Fig.1. Potential energy currves for the CgHsCH,+O reaction obtained by the

B3LYP/6-31G(d) level of theory.

Fig.2. Comparisons of measured and simulated ignition delay times of toluene at the

equivalence ratio of 0.5 and 1.2% fuels diluted in Ar or air behind reflected shock waves

at 2 [33], 15 and 50 atm [34]. Solid curves: Present model, dashed curves: Pitz model.

Fig.3. Comparisons of measured and simulated ignition delay times of toluene behind

reflected shock waves at 50 atm [34].

Fig.4. Comparisons of measured and simulated CO+CO, mole fractions in toluene

oxidation obtained by the flow reactor experiments at 12 atm as a function of initial

temperature [7]. Solid curves: Present model, dashed curves: Pitz model.

Fig.5. Comparisons of measured and simulated ignition delay times of stoichiometric

PRF/Toluene mixtures (n-heptane/iso-octane/toluene=17/63/20) behind reflected shock

waves at pressures 25 and 50 atm [1]. Curves: Present model.

Fig.6. Comparisons of measured and simulated species mole fractions in PRF/toluene

oxidation obtained by a flow reactor experiments at 12.5 atm as a function of initial

temperature in PRF/toluene oxidation [7]. Curves: Present model.

Fig.7. Comparisons of measured and simulated ignition delay times of stoichiometric
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PRF/Toluene mixtures at 1500 K and 2 atm as a function of toluene concentration [14].
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Fig.1. Potential energy currves for the CgHsCH,+O reaction obtained by the

B3LYP/6-31G(d) level of theory.
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Fig.2. Comparisons of measured and simulated ignition delay times of toluene at the

equivalence ratio of 0.5 and 1.2% fuels diluted in Ar or air behind reflected shock waves

at 2 [33], 15 and 50 atm [34]. Solid curves: Present model, dashed curves: Pitz model.
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Fig.3. Comparisons of measured and simulated ignition delay times of toluene behind

reflected shock waves at 50 atm [34]. Solid curves: Present model, dashed curves: Pitz

model.
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Fig.4. Comparisons of measured and simulated CO+CO, mole fractions in toluene
oxidation obtained by the flow reactor experiments at 12 atm as a function of initial

temperature [7]. Solid curves: Present model, dashed curves: Pitz model.
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Fig.5. Comparisons of measured and simulated ignition delay times of stoichiometric

PRF/Toluene mixtures (n-heptane/iso-octane/toluene=17/63/20) behind reflected shock

waves at pressures 25 and 50 atm [1]. Curves: Present model.
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Fig.6. Comparisons of measured and simulated species mole fractions in PRF/toluene
oxidation obtained by a flow reactor experiments at 12.5 atm as a function of initial

temperature in PRF/toluene oxidation [7]. Curves: Present model.
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Fig.7. Comparisons of measured and simulated ignition delay times of stoichiometric

PRF/Toluene mixtures at 1500 K and 2 atm as a function of toluene concentration [14].
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