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a b s t r a c t 

The aim of this work is to evaluate the influence of the n -heptane/toluene ratio on the reactivity of 

binary toluene reference fuels (TRFs), through a combined experimental and numerical work. Novel ex- 

perimental ignition delay time (IDT) data of three binary TRFs of varying n -heptane/toluene ratios have 

been obtained in a high-pressure shock tube and in a rapid compression machine at conditions relevant 

to novel engine operation. Measurements have been performed at two pressures (10 and 30 bar), and 

at three fuel/air equivalence ratios (0.5, 1.0 and 2.0) for TRF mixtures of 50%, 75% and 90% by volume 

toluene concentration, over the temperature range of 650–1450 K. It was found that, increasing the n - 

heptane content, led to an increase in reactivity and shorter measured IDTs. Reduced sensitivity to the 

equivalence ratio was observed at high temperatures, especially for high toluene content mixtures. A 

well validated detailed kinetic mechanism for TRF oxidation was utilized to provide further insight into 

the experimental evidence. The mechanism, which has recently been updated, was also assessed in terms 

of its validity, contributing thus to its continuous development. Reaction path analysis was performed to 

delineate critical aspects of toluene oxidation under the considered conditions. Further, sensitivity anal- 

ysis highlighted the interactions between the chemistry of the two TRF components, revealing toluene’s 

character as a reactivity inhibitor mainly through the consumption of ȮH radicals. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Efficient and clean combustion of hydrocarbons has always at-

racted the attention of the scientific community. Spark ignition

SI) and compression ignition (CI) engines are the two most com-

on types of internal combustion engines (ICEs) which make use

f real (i.e. being the outcome of a distillation process in a refin-

ry) gasoline and diesel fuels, respectively. These fuels are com-

lex mixtures of several hydrocarbon families [1] and hence, sim-

lified mixtures, denoted as fuel surrogates, are used to emulate

heir properties. The most common fuel surrogates for the com-

ustion of real gasoline and diesel fuels consist mainly of the so-

alled primary reference fuels (PRFs), i.e. mixtures of iso -octane
∗ Corresponding author. 
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nd n -heptane, which have research octane numbers (RONs) of

00 and 0, respectively. Matching the octane numbers, both re-

earch (RON) and motored (MON) [2] ), of the actual fuel is a mea-

ure of a fuel’s resistance to auto-ignite under a compression ig-

ition engine environment [3] . As engine technology has moved

owards unconventional low-temperature combustion (LTC) operat- 

ng modes, PRF blends have proven to be inadequate in describing

 real fuel’s behavior e.g. [4] . This has also been attributed to the

act that PRF blends exhibit zero sensitivity i.e. RON = MON [5] . A

uel’s sensitivity, defined as the difference between the RON and

ON values, was found to be more important than the sole val-

es of RON and MON as it described the auto-ignition performance

hroughout a wide temperature regime, not only at the tempera-

ures of interest for conventional gasoline and diesel engines e.g.

6,7] . In an attempt to capture the behavior of real transporta-

ion fuels in engines operating under LTC modes, PRF fuels were
. 
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blended with toluene, the simplest methylated aromatic species,

creating so-called toluene reference fuels (TRFs) [8,9] . TRF is a

generic term frequently used to define binary or ternary mixtures

of toluene with either or both n -heptane and iso -octane, and in the

present study it is used to denote binary toluene and n -heptane

mixtures. It should also be noted that toluene has often been

used as a measure of anti-knock since it exhibits very high RON

and MON numbers, between 116–120 and 103–110, respectively

[8,10–12] . 

Toluene oxidation has attracted a lot of attention as a single

component which has yielded a large number of studies, both ex-

perimental and numerical. A detailed list of toluene related work

has been reported previously by Metcalfe et al. [13] . Speciation

data at atmospheric pressure for fuel-lean and fuel-rich mixtures

were measured in both a flow- reactor [14] and in a jet-stirred

reactor [15] . These two studies have served as validation targets

and were subsequently used for model development purposes. The

former dataset was utilized for the development of a sub-model

for benzene and toluene oxidation with 68 and 62 additional re-

actions [16] , while the second study included a model containing

120 species and 920 reactions [15] . Flow reactor species measure-

ments and model development were also carried out by Bounaceur

et al. [17] . The mechanism developed was based on a previously

published benzene model [18] . Ignition delay times (IDTs) were

also measured in shock tube studies for various equivalence ra-

tios at pressures varying from 1.95 to 8.85 atm [19] . An IDT, de-

fined as the time interval between the initiation of a combustion

process and the first energy release, is a measure of global reac-

tivity, and such data provides a modeling target and is used for

engine optimization [20] . These studies focused at temperatures

above 1400 K. A more recent study expanded the available data

to temperatures lower than 900 K, over a pressure range of 14–

59 atm [21] , while lower temperature measurements (60 0–90 0 K)

were completed in a rapid compression machine (RCM) study [22] .

Similarly, IDT data were measured at temperatures close to 10 0 0 K

for pressures in the range 25–45 atm, for fuel-lean and fuel-rich

mixtures [23] . In addition to the models mentioned previously,

which focused on ideal reactors, another detailed toluene mech-

anism of 141 species and 743 reactions was developed [24] uti-

lizing additional experimental data measured in premixed and

counter-flow flames. The two initial models reported above [15,16] ,

have been, and still are, subjected to optimization by studies that

followed [25–28] . 

IDTs of multi-component (two or more) fuels containing

toluene have also been widely studied. The first of these in-

vestigated stoichiometric blends of 1:1 toluene/ n -heptane and

toluene/ iso -octane mixtures in an RCM at 4 and 12 bar, reaching

temperatures as low as 650 K [29] . Subsequently, the concentra-

tion of toluene was increased to 72% (vol.) with 28% n -heptane in

a high-pressure shock tube (HPST) study [30] that focused on both

fuel-lean and stoichiometric mixtures at various pressures, offering

six sets of IDT data in the intermediate temperature region. This

work was published with an accompanying study that utilized the

experimental data for modeling purposes, developing a model for

binary TRF mixtures [31] . Moreover, mixtures of toluene/ iso -octane

and toluene/ n -heptane (10/90 and 40/60%vol.) were measured in a

shock tube study at 40 bar at two equivalence ratios ( ϕ = 0.5 and

1.0) [32] . Recently, toluene/dimethyl ether (DME) mixtures were

investigated at several blending ratios ranging from 100% toluene

to 100% DME, in both a HPST and in an RCM, using DME as a rad-

ical initiator [33] . 

Despite the systematic effort and the wide range of studies

available, accurate predictions of toluene oxidation remain chal-

lenging. The issue is manifested in that most literature models are

unable to reproduce experimental data at lower temperatures. In

this context, the present study, like others before [27–31] , focuses
n blending toluene with a very reactive and well characterized

uel, namely n -heptane, to increase mixture’s reactivity and to ex-

end the available experimental data to a wider range of condi-

ions. 

This study provides novel experimental ignition delay time data

t conditions that have not previously been investigated, measur-

ng both at low temperatures and high toluene concentrations in

n attempt to bridge the observed gap in the literature. Measure-

ents include three mixtures (50%, 75% and 90% vol. toluene con-

entration with the balance being n- heptane) at fuel-lean ( ϕ = 0.5),

toichiometric ( ϕ = 1.0) and fuel-rich ( ϕ = 2.0) conditions at 10 and

0 bar over the temperature range of 650–1450 K. The detailed

onditions of the mixtures investigated are provided in Table 1 .

he experiments were carried out in the high-pressure shock tube

HPST) and in a rapid compression machine (RCM) at the Na-

ional University of Ireland, Galway (NUIG). The devices have been

sed in a complementary way to span the desired temperature

ange. Furthermore, to investigate the synergies of toluene and n -

eptane in the reactivity of the TRF mixtures and to provide a

etailed kinetic insight to the observed trends, the LLNL TRF de-

ailed kinetic mechanism is utilized. The mechanism performance

gainst the herein obtained data is assessed for both the origi-

al mechanism [33] as well as for the recently updated version

34,35] , and the latter is found to yield improved and an over-

ll good agreement. Sensitivity and reaction path analyses have

een performed to delineate the key kinetic processes which con-

rol the oxidation of the mixtures considered under the reported

onditions. 

. Experimental setup 

.1. High pressure shock tube 

Ignition delay times at higher temperatures (80 0–140 0 K) were

easured in the HPST facilities of NUIG. The experimental setup

as been described previously [36] , thus it will be only briefly de-

cribed here. The tube consists of two separate sections; the driven

ection, where the mixture sample is loaded, and the driver section

here He or He/N 2 is introduced. These sections are 5.73 m and

 m long respectively and are separated by a 3 cm long double-

iaphragm (middle) section. The aluminum diaphragms are pre-

cored to ensure uniform bursting. After the mixture is introduced

nto the driven section, the driver and middle sections are filled

ith He and/or N 2 to roughly half of the driver gas pressure. The

river section alone is then filled to the driver pressure. The gas

rom the middle section is evacuated and the pressure difference is

ufficiently high to burst the diaphragms. The high-pressure driver

as expands rapidly into the driven section creating a shock wave

hat heats and compresses the mixture to the desirable conditions.

hock velocities are measured by interpolating the shock arrival

ime at PCB 113B24 pressure transducers along the driven section.

 603B Kistler pressure transducer is used to monitor the pressure

f the gas at the endwall. The ignition delay time is defined as

he time difference between the arrival of the shock wave at the

ndwall and the ignition event, measured by a sharp rise in pres-

ure on ignition. The mixture was prepared by controlling the par-

ial pressure of each constituent species in a stainless-steel mixing

ank, while ensuring that it did not exceed a value of at least half

f its vapor pressure. A heating system was installed on the mix-

ng tank and the piping leading to the HPST to ensure that the fuel

ould remain in the vapor phase. 

The entire experimental apparatus as well as the manifolds,

iping and mixing vessel were heated to 60 °C but not higher, to

void overheating damage to the equipment (pressure transducers,

auges, etc.). 
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Table 1 

Detailed conditions of the experimentally investigated mixtures. 

Toluene Heptane ratio Mole fraction (%) 

C 7 H 8 C 7 H 16 O 2 N 2 Ar Phi 

50:50 1.03 1.03 20.57 77.37 (15.47) (61.9) 1 

50:50 0.52 0.52 20.8 78.17 (23.45) (54.72) 0.5 

50:50 2.01 2.01 20.16 75.82 – 2 

75:25 1.62 0.54 20.55 77.30 (17.77) (59.53) 1 

75:25 0.82 0.27 20.77 78.14 (24.23) (53.91) 0.5 

75:25 3.18 1.06 20.11 75.66 – 2 

90:10 2.01 0.22 20.53 77.24 – 1 

90:10 1.02 0.11 20.76 78.11 – 0.5 

90:10 3.93 0.44 20.08 75.55 – 2 

∗Numbers in parenthesis correspond to N 2 mole fraction when Argon is also used as dilu- 

ent in the respective RCM cases for the intermediate temperature regime (830–10 0 0 K). 
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.2. Rapid compression machine 

The RCM used in this study is one of the twin RCMs currently

n operation at NUIG. It is the original RCM built at Shell [37] and

ater re-commissioned at NUIG [38] . Two opposite-facing pistons

re pushed forward to volumetrically compress a fuel mixture. At

he end of compression ( ∼16 ms), the pistons are locked and main-

ain a constant reactor volume. The RCM has a 168 mm stroke and

 38.2 mm bore. The position of the pistons is monitored with a

ositek P100 linear inductive position sensor that is within the hol-

ow connecting rod. The pressure inside the reaction chamber is

easured using a Kistler 6045a mounted in the reaction chamber

all. A Kistler 5018 is used to amplify the pressure trace, while a

igma 90 oscilloscope by Nicolet Technologies sampling at 20 kHz

nd 12-bit resolution is used for recording the traces. The pressure

races are filtered by a hardware Buttersworth low-pass filter with

 cut-off frequency of 3 kHz, after amplification. The compression

atio of the RCM, defined as the ratio of the density before and af-

er compression is approximately 10. The ignition delay time is de-

ned as the time of peak pressure at the end of compression and

he maximum pressure rise due to chemical reactions. Different

ompressed-gas temperatures were achieved by varying the initial

emperature in the chamber. An electrical heating system is used

hich has been optimized to minimize stratification in the cham-

er. More detailed description of the heating system installation

as published previously [39] . The maximum initial temperature

sed was 105 °C to avoid degradation of the seals inside the ma-

hine. Nitrogen was used as a sole diluent for the low-temperature

easurements (650–830 K), while argon was added in the mix-

ures in the higher temperature regime (830–10 0 0 K). Through-

ut the measurements the deviation from the desired compressed

ressure was maintained below 1%. The pistons used in this study

re creviced leading to a suppression of the roll-up vortices that

therwise form within the boundary layer gas, offering higher ho-

ogeneity in the mixture. They are a modified version of the pis-

ons described previously [40] . n -Heptane was supplied by TCI UK

ith a purity of 99%. Toluene was supplied by Sigma Aldrich with

 purity of 99.9%. None of the fuels were subjected to any further

urification process. The blended samples were made by mass on

 high precision scale. Nitrogen, argon and oxygen were provided

y BOC Ireland. Each measurement in the RCM was repeated three

imes to ensure repeatability. 

.3. Experimental issues 

In this study three blending ratios of high toluene content were

easured. The high toluene concentration increases the deposits

f soot and other residues in the experimental facility, e.g. in the

CM reaction chamber. Previous studies reported an early heat re-

ease and the occurrence of pre-ignition due to the presence of
uch deposits [21] , while another study [33] overcame this prob-

em by performing three consecutive oxygen shots after each ex-

eriment in the RCM. This proved to be a good method to clean

he chamber and to ensure repeatability in IDT measurements. In

he present work the fuel-rich mixtures (i.e. ϕ = 2.0) and high (i.e.

0%) toluene content mixtures were not studied, due to similar dif-

culties. In particular, it was found that the consecutive repeated

hots for these cases resulted in higher IDT compared to the initial

xperiment. To solve this, the method reported in [33] was used

ut resulted in no observed ignition. 

Regarding the HPST measurements the only issue observed (see

oint in circle in Fig. 1 (c)). This has been reported in previous HPST

tudies and may be caused by inhomogeneous ignition [41–43] as

gnition delay times reach values close to 10 ms. 

. Chemical kinetic modeling 

In this work, the LLNL model was adopted as published in [36] ,

hile an updated version with modifications to the n -heptane por-

ion from [37] and the toluene sub-mechanism from [35] was also

tilized for comparison. The main modifications of the n -heptane

echanism include updated isomerization reactions for the hep-

yl radicals, as well as updates in the rates for cyclic ether for-

ation. A detailed discussion of the modified parts is provided in

34,35] . The model includes 1426 species and 6128 reactions. Sim-

lations were carried out utilizing the Aurora module of CHEMKIN-

RO [44] assuming constant volume conditions. Heat loss effects

ue to the facility for the RCM simulations, as described in [45] ,

re included in the simulations. The input files for the RCM simu-

ations are provided as Supplementary material. 

. Results and discussion 

The measured ignition delay times for all conditions are plot-

ed in Fig. 1 allowing for a comparison of many different variables.

ach row contains measurements for a certain equivalence ratio

ith ϕ = 0.5 in the top row, ϕ = 1.0 in the middle and ϕ = 2.0 in

he bottom row. Accordingly, the columns present measurements

or mixtures with respect to their toluene content in ascending

rder, i.e. toluene: n -heptane ratio of 50:50 (left), 75:25 (middle)

0:10 (right). 

Interestingly, a comparison along the y-axis (vertically) shows

hat the IDTs measured at 10 bar are almost insensitive to varia-

ions in equivalence ratio at temperatures above 1150 K. This be-

avior is less pronounced as the pressure increases and can be ob-

erved only at temperatures above 1250 K. Increasing the toluene

oncentration enhances this effect as data are sensitive to tempera-

ure for T > 1050 K for the low-pressure measurements. As temper-

tures decrease beyond these thresholds the fuel-lean cases have

he longest IDTs. Another important observation can be made for
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Fig. 1. Experimentally determined HPST (closed symbols) and RCM data (open symbols) versus simulations using the original LLNL TRF mechanism (dashed lines) and the 

updated mechanism (solid lines) Square symbols refer to experiments at 10 bar and circle symbols to those at 30 bar. Fig. 1 (c), (f), (g), (h), and (i) contain no RCM data. 

Point in green circle posed pre-ignition. 
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the 90:10 mixture ratio at 10 bar, where the IDT for the fuel-lean

and the stoichiometric cases coincide, while the fuel-rich mixtures

have significantly longer IDTs at low pressures. At 30 bar, the fuel-

rich and stoichiometric mixtures coincide, while the fuel-lean mix-

ture has notably shorter IDTs. 

A comparison of the results in the x-direction (horizontally

(a) → (c), (d) → (f) and (g) → (i)) show an increase in IDTs with

increasing toluene content. However, this increase is more pro-

nounced at lower temperatures and as the equivalence ratio ( ϕ)

increases. As discussed previously, fuel-rich mixtures ( ϕ = 2.0) and

mixtures with high toluene content (90:10) were not measured in

an RCM, therefore Fig. 1 (c), (f), (g), (h) and (i) contain no RCM data.

Regarding the performance of the mechanisms, Fig. 1 (a) shows

that the updated mechanism predicts longer IDTs in the low-

pressure case yielding an improved performance against experi-

mental data at lower temperatures. Both the HPST and the RCM

data are well simulated. The modifications made to the mechanism

do not affect its performance at 30 bar. Increasing the toluene con-

centration in the mixture to 75% naturally leads to longer predicted

IDTs, as expected, Fig. 1 (b). The updated version of the mecha-
ism predicts longer IDTs, compared to the original mechanism, at

ower temperatures. In the NTC region the updates result in longer

redicted IDTs. In general, the modifications have resulted in only

 small change in the mechanism performance at high pressures

ith generally improved predictions observed. 

Figure 1 (d)–(f) show the stoichiometric measurements for all

hree mixture ratios. The updated model again predicts longer IDTs

han the original mechanism, showing improved agreement com-

ared to the reported data at temperatures below 10 0 0 K. In the

igh temperature region, no difference in the performance of both

odels is observed. Both mechanisms, however, fail to capture

he NTC behavior of the 75:25 mixture ratio Fig. 1 (e), predicting

horter IDTs. As in the fuel-lean case, the 90:10 mixture shows

nly a small sensitivity to the mechanism modifications, Fig. 1 (f). 

As described earlier, the 90:10 mixtures were not measured in

he RCM due to repeatability issues. The same problem occurred

lso in the fuel-rich cases, therefore only the HPST data are pre-

ented in Fig. 1 (g)–(i). For the 50:50 and the 75:25 mixture the

greement is very good for all measurements. The updated mech-

nism captures well the IDTs at temperatures close to 900 K in the
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Fig. 2. Sensitivity analysis for ignition delay times at different toluene/ n -heptane mixing ratios and temperatures for stoichiometric mixtures. (a)–(c): mixing ratio at 50:50; 

(d)–(f) mixing ratio at 75:25; (g) mixing ratio at 90:10. 
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0 bar case. Nonetheless, a small over-prediction for the 10 bar case

s observed in the low temperature regime. 

. Sensitivity and reaction path analysis 

A sensitivity analysis was performed for the ignition delay

imes at several conditions for the stoichiometric mixtures, with

he results shown in Fig. 2 , (a)–(c) for a toluene/heptane mixing

atio of 50:50, (d)–(f) for a mixing ratio of 75:25 and (g) for a mix-

ng ratio of 90:10. The A factor of each reaction was increased and

ecreased by a factor of two (k + and k −), leading to the perturbed

gnition delay times ( τ+ and τ –). The sensitivity coefficient (S) is

alculated as: 

 = 

ln ( τ+ / τ−) 

ln ( k + / k −) 
= 

ln ( τ+ / τ−) 

ln ( 2 / 0 . 5 ) 

Therefore, a positive sensitivity coefficient indicates an inhibit-

ng effect upon the reactivity from a specific reaction, and vice

ersa for a negative coefficient. Over the temperature range of

he experimental studies of this work, n -heptane is more reac-

ive than toluene, especially at low and intermediate tempera-

ures. n -Heptane has low temperature chain branching channels

34] that produce ȮH radicals. All of the heptyl-peroxy radicals can

ndergo intramolecular hydrogen transfer via low energy transi-

ion states, and the subsequent reaction sequences eventually lead

o chain branching. This has also been indicated by the appear-

nce of hydrogen abstraction and the low temperature reactions

f n -heptane among the most promoting reactions in Fig. 2 (a),

b), (d) and (e). At intermediate temperatures, chain propagat-
ng channels such as the concerted H ̇O 2 elimination reactions

rom R ̇O 2 radicals and cyclic ether + ȮH radical formation from

ydroperoxy-alkyl ( ̇ Q OOH) radicals become more competitive than
˙ 
 OOH radical addition to molecular oxygen resulting in negative

emperature coefficient (NTC) behavior. These reactions become

ore sensitive when the relative concentration of n -heptane is

igher in the fuel mixture, as shown in Fig. 2 (b). At high tem-

eratures, the hydrogen abstraction reactions by H ̇O 2 radicals are

nhanced and produces H 2 O 2 that decomposes into two ȮH rad-

cals, which in turn is a chain-branching process. Abstraction re-

ctions by H ̇O 2 radicals also show negative sensitivity coefficients,

ut again only at the highest concentration of n -heptane in the fuel

ixture, Fig. 2 (c). 

In general, the toluene chemistry dominates the reactivity of

he fuel mixtures over the entire temperature range shown in

ig. 2 . This is because the reactivity of the fuel mixture not

nly depends on the reaction flux going through chain branching

athways that produce reactive radicals, but also depends on the

ranching ratio of the consumption pathways for those radicals.

nder these conditions, toluene is a strong competitor for ȮH rad-

cals despite it being much less reactive than n -heptane. Figure 2

hows that the hydrogen abstraction reactions from toluene inhibit

eactivity at most conditions, except for the 50:50 mixture, where

he n -heptane chemistry becomes more important. 

The major reaction pathways in the oxidation of toluene are

hown in Fig. 3 , which is based on calculations for mixtures with a

0:50 ratio, at ϕ = 1.0, p = 10 bar and for T = 690/870/110 0/140 0 K.

oluene does not have low temperature chain branching channels.

ydrogen abstraction from toluene mainly occurs at the benzylic
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Fig. 3. Toluene oxidation route as obtained by reaction path analysis at 20% of fuel consumption for mixture ratio 50:50, ϕ = 1.0 at p = 10 bar and for 

T = 690/870/110 0/140 0 K. 
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site and produces benzyl radicals (see blue frame in Fig. 3 ). Ben-

zyl is a relatively stable radical ( �H f (0 K) = 229.0 ± 4 kJ/mol [46] ).

The self-recombination of benzyl radicals is one of the major con-

sumption pathways at low temperature, which is a chain terminat-

ing reaction and largely inhibits the overall reactivity (see yellow

frame in Fig. 3 ). Another consumption channel of benzyl is through

the reactions with H ̇O 2 radicals, either through recombination-

decomposition or chemically activated paths, which produce ben-

zoxyl radicals and ȮH radicals (see green frame in Fig. 3 ). The

chemically activated paths are enhanced as the temperature rises

and were found to be sensitive at the current conditions (see also

Fig. 2 (c), (e)–(g)). This also partly explains why toluene chem-

istry is less sensitive when the mixing ratio is 50:50. Benzyl rad-

icals are mostly consumed by reacting with H ̇O 2 radicals that are

largely produced from the concerted elimination of heptyl-peroxy

radicals, producing more reactive ȮH radicals. Therefore, the pro-

duction of benzyl radicals has a lesser inhibiting effect on the

reactivity for the conditions presented in Fig. 2 (b), (c) and its re-

combination is not shown among the most sensitive reactions.

However, the chain terminating reaction of benzyl with H ̇O 2 radi-

cals that produces toluene and oxygen is also enhanced at higher

temperatures and thus inhibits reactivity. This reaction competes

with the chain propagation process that produces ȮH radicals and

thus has positive sensitivity coefficients. It should also be noted

that this reaction becomes sensitive only when the production of

benzyl and H ̇O 2 radicals are comparable within a certain degree,

as show in Fig. 2 (e) and (f). 

Besides the toluene oxidation chemistry which is the primary

topic in the present work, n -heptane oxidation is of large impor-

tance to the ignition delay time simulations, hence, a snapshot of

the major chemical routes for the same conditions with that of

toluene is given in Fig. 4 . 
. Conclusions 

The purpose of this work is twofold as it aims to (a) pro-

ide novel experimental ignition delay time data of toluene/ n -

eptane mixtures under conditions relevant to novel engine oper-

tion, which has not been reported before, and (b) to interpret the

ffect of the mixing ratio of toluene/ n -heptane on the measured

RF IDT values, utilizing computational tools i.e. sensitivity and re-

ction flow analysis based on a detailed kinetic mechanism from

he literature. In particular, the LLNL TRF model is used, both the

riginal and the most recently updated version. 

Experimental data have revealed that IDTs were in-sensitive to

hanges in equivalence ratio at higher temperatures. This behav-

or was less pronounced at higher pressures, starting at higher

emperatures, but was enhanced with increasing toluene content.

t low temperatures, the fuel-lean mixtures showed the longest

DTs. The opposite was observed for higher temperatures, where

he fuel-lean mixtures were faster compared to stoichiometric and

uel-rich ones. 

Computations demonstrated the improved agreement of the up-

ated LLNL model compared to the current dataset; the updated

odel reproduces the experimentally observed longer IDTs in the

ow and intermediate temperature regime, presenting an overall

mproved performance, while it retains the original model’s good

erformance in the high temperature regime. Reaction path and

ensitivity analyses have shown that toluene inhibits reactivity,

ince it competes with n -heptane for ȮH radicals, resulting in the

ormation of relatively stable benzyl radicals rather than the pro-

uction of heptyl radicals and heptyl-peroxyl radicals which would

ubsequently lead to chain-branching at low temperatures. This ef-

ect is less pronounced in the 50:50 mixture as the large quantity

f H ̇O radicals formed from heptyl-peroxy radical decomposition
2 
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Fig. 4. N 

–Heptane oxidation route as obtained by reaction path analysis at 20% of fuel consumption for mixture ratio 50:50, at ϕ = 1.0, p = 10 bar and for 

T = 690/870/110 0/140 0 K. 
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eact with benzyl radicals resulting in the production of reactive
˙ H radicals. 

This paper provides novel experimental data that could serve in

he validation of tuned toluene kinetic models in future endeavors.

he validation with the currently existing models provides a good

nsight regarding the performance of the toluene models and the

hemical interactions between toluene and n -heptane. 
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