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List of figure captions

Figure 1 IDT of the neat surrogate fuel (black) and the surrogate fuel doped with 0.1% mol. ferrocene (grey) at 10 bar. Experiments: filled symbols (main IDT) and empty symbols (1 st -stage IDT). Simulation: solid lines (main IDT) and dashed lines (1 st -stage IDT). (a) Φ = 1, (b) Φ = 0.5. Simulations with the initial kinetic model.

Figure 2

Simulated profiles of iron species during a RCM test at condition: 10 bar, 830 K, Φ = 1, surrogate fuel doped with 0.1% mol. ferrocene. Simulation with the initial kinetic model.

Figure 3

IDT of the neat surrogate fuel (black) and the surrogate fuel doped with 0.1% mol. ferrocene (grey) at 10 bar. Experiments: filled symbols (main IDT) and empty symbols (1 st -stage IDT).

Simulations by the new kinetic model: solid lines (main IDT) and dashed lines (1 st -stage IDT).

(a) Φ = 1, (b) Φ = 0.5.

Figure 4

Measured (solid line) and simulated (dashed line) of pressure histories near the top dead center during RCM experiments at Pc ≈ 10 bar, Φ = 1, Tc = 915 K of the neat surrogate fuel (black lines), the surrogate fuel doped with EHN 0.1% mol (thick grey lines) and the surrogate fuel doped with ferrocene 0.1% mol. (thin grey lines).

Figure 5

Reactions pathway of toluene at 10 bar, Φ = 0.5-1, 675 K-1000 K and the reactions representing effects of EHN and ferrocene on toluene reactivity.

Figure 6

Reactions pathway of n-heptane at 10 bar, Φ = 1, 830 K and the reactions representing effects of EHN and ferrocene on NTC behavior.

Introduction

Internal combustion (IC) engine development currently focuses on more efficient and cleaner combustion to reduce exhaust gas emissions. Low temperature combustion (LTC) [START_REF] Agarwal | Evolution, challenges and path forward for low temperature combustion engines[END_REF] is getting a lot of attention from engine researchers thanks to its low-emission operation. Moreover, this combustion strategy can be employed in many engines such as homogeneous charge compression ignition (HCCI) engine [START_REF] Zhao | Homogeneous charge compression ignition (HCCI) engines: Key research and development issues[END_REF], gasoline compression ignition (GCI) engine [START_REF] Kalghatgi | Gasoline compression ignition approach to efficient, clean and affordable future engines[END_REF], etc..

To improve the combustion quality in engines, fuel additives have been studied and commercialized for decades. Conventional fuel combustion additives can be divided into two categories as octane boosters and cetane boosters. These two types of additives have an opposite effect on fuel reactivity. Octane boosters are employed to lower fuel reactivity to avoid knock in sparkignition (SI) engines. Typical octane boosters include organometallics [START_REF] Seyferth | The Rise and Fall of Tetraethyllead. 2[END_REF][START_REF] Emel'yanov | Ferrocene -A nontoxic antiknock agent for automotive gasolines[END_REF], aromatic amines [START_REF] Cullis | The influence of amines on the combustion of nheptane[END_REF], and oxygenated compounds [START_REF] Shankar | Antiknock quality and ignition kinetics of 2-phenylethanol, a novel lignocellulosic octane booster[END_REF][START_REF] Silva | The research octane numbers of ethanolcontaining gasoline surrogates[END_REF]. On the other hand, cetane boosters based on nitrates and peroxides compounds [START_REF] Robbins | Performance and Stability of Some Diesel Fuel Ignition Quality Improvers[END_REF][START_REF] Rode | Synthesis and Cetane-Improving Performance of 1,2,4,5-Tetraoxane and 1,2,4,5,7,8-Hexaoxonane Derivatives[END_REF] are used to increase the reactivity of diesel fuels.

Despite the wide use of fuel additives, the understanding of their chemical effect on the fuel combustion is still limited. A deeper understanding of a fuel additive is essential not only for the optimal use of this additive but also for the design of a new additive which is capable of making combustion more efficient and cleaner. 2-Ethylhexyl nitrate (EHN) and ferrocene are two of the most fundamentally studied additives in literature. EHN is a conventional cetane booster. This additive has been investigated in various fuels under different engine-relevant conditions [START_REF] Hartmann | Experiments and modeling of ignition delay times, flame structure and intermediate species of EHN-doped stoichiometric n-heptane/air combustion[END_REF][START_REF] Goldsborough | Experimental and modeling study of fuel interactions with an alkyl nitrate cetane enhancer, 2-ethyl-hexyl nitrate[END_REF][START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF][START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF]. A recent study on EHN from our group [START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF] is dedicated on understanding its chemical effect which mostly relies on the chemistry of nitrogen oxides (NO and NO2). Ferrocene is a high efficient octane booster. This molecule has an atom of iron stored between two cyclopentadienyl groups. Though the use of ferrocene decreases because of the formation of iron deposits on the spark plug, this additive was being employed in several countries within an acceptable doping level in the early 2000 [START_REF] Danilov | Fuel additives: Evolution and Use in 1996-2000[END_REF]. The studies on ferrocene are still scarce. Most experimental researches on this additive in literature were obtained with flame studies [START_REF] Bonczyk | Effect of Ferrocene on soot in a prevaporized iso-octane/air diffusion flame[END_REF][START_REF] Hirasawa | Effect of ferrocene addition on sooting limits in laminar premixed ethylene-oxygen-argon flames[END_REF][START_REF] Ritrievi | The effects of ferrocene addition on soot particle inception and growth in premixed ethylene flames[END_REF][START_REF] Tian | Influence of ferrocene addition to a laminar premixed propene flame: Laser diagnostics, mass spectrometry and numerical simulations[END_REF][START_REF] Staude | Experimental and Numerical Investigations of Ferrocene-Doped Propene Flames[END_REF][START_REF] Vander Wal | Ferrocene as a precusor reagent for metal-catalyzed carbon nanotubes: competing effects[END_REF]. Recently, Fenard et al. [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF] conducted experiments in a rapid compression machine (RCM) at relatively low temperatures (< 850 K) to investigate the effect of ferrocene on the combustion of iso-octane and 3-hexene. This study suggests that the chemical effect might be related to the reactions of HO2 and H2O2 on the surface of iron oxide particles. The inhibiting effect of ferrocene was underestimated by the kinetic model assembled in this study. The difference between experimental and simulation results shown in the study of Fenard et al. [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF] suggests that further investigations on ferrocene are necessary to explain the inhibiting effect of this additive. Quantum chemical calculations are powerful and provide a significant insight into key reaction properties including rate constant, products speciation and thermochemical data [START_REF] Oleinikov | Oxidation of cyclopentadienyl radical with molecular oxygen[END_REF][START_REF] Ghildina | Reaction mechanism, rate constants, and product yields for unimolecular and H-assisted decomposition of 2,4-cyclopentadienone and oxidation of cyclopentadienyl with atomic oxygen[END_REF]. However, it is challenging to employ this method to study iron chemistry as the element is a first-row transition metal.

Iron is remarkably heavier than an atom of carbon, hydrogen, oxygen or nitrogen. Iron species, as well as other transition metal compounds, can present a multi-reference behaviour. This implies that the non-dynamical correlation must be included in quantum calculations to get reliable results. This feature makes the calculations computationally too expensive [START_REF] Nakazawa | A density functional theory investigation of the reactions of Fe and FeO2 with O2[END_REF].

To fulfill the lack of fuel additive study in literature, this study aims at (1) investigating experimentally and numerically the inhibiting effect of ferrocene at LTC relevant conditions, and (2)

presenting the most notable differences between the chemical effects of a cetane booster (EHN) and an octane booster (ferrocene). The ignition delay time (IDT) measurements were conducted in a RCM.

Modeling work was carried out to simulate the effect of ferrocene.

Experimental Methods

Experimental IDT measurements were conducted at the single-piston RCM of the University of Orleans. This RCM consists of a creviced piston to avoid the vortex formation and maintains the postcombustion charge homogeneity. The use of a creviced piston helps to study the hydrocarbon autoignition chemistry limiting physical effects. The piston is pneumatically driven and braked close to the top dead center by hydraulic technique. The total duration of compression is about 33 ms. The pressure at the top dead center is noted as Pc. The pressure rises from Pc/2 to Pc within 3.5 ms (t50).

The position of the piston was measured with a linear displacement sensor. The lengths of the stroke and the bore of the RCM are 300 mm and 50 mm respectively. The compression ratio is adjusted from 8.9 to 20.7 to get the desired experimental conditions. The measurement uncertainties of in-cylinder pressure, intake pressure, intake temperatures, and mass flow rate are ±1%, ±1 mbar, ±2 K and ±1%, respectively. Further details of the RCM of the University of Orleans can be accessed elsewhere [START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF][START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF].

In this work, the high purity chemical compounds including toluene (99.8%), n-heptane (99%), ferrocene (97%) from Sigma-Aldrich were employed. The surrogate fuel is a mixture of toluene (65% vol.) and n-heptane (35% vol.). The IDT of this surrogate was experimentally measured at 10 bar, from 675 K to near 950 K at Φ of 0.5 and 1 in previous studies [START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF][START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF]. This surrogate fuel is designed to observe the additive effect on specific combustion properties such as two-stage ignition and negative temperature coefficient (NTC). Ferrocene doping level was set at 0.1% mol. with a relative uncertainty below 1%. The doped fuels were gravimetrically prepared. To obtain the desired equivalence ratio, the gaseous fuel was premixed with the synthetic air (21% O2, 79% N2) from Air Liquide in a reservoir.

The composition of gas mixtures investigated in this study is presented in table S1. The uncertainty in molar fraction is about 5%. The temperature of the reservoir was maintained at 80°C. The homogeneity of each gas mixture was ensured by a mechanic agitation during 30 minutes. All gas mixtures were prepared on the day of the experiment.

For each RCM test, the pressure at top dead center (Pc = 10 bar) and the temperatures at top dead center (Tc) were obtained by adjusting the intake pressure (227 mbar < P0 < 600 mbar) and the piston initial temperature (55 °C < T0 < 120 °C). The vapor pressure of ferrocene calculated with the formula reported by Jacobs et al. [START_REF] Jacobs | The vapour pressure and enthalpy of sublimation of ferrocene[END_REF] is compared to the partial pressure of this additive contained in the fuel reservoir and in the combustion chamber initial conditions to conclude that there was no condensation of ferrocene during experimental tests. The Tc are calculated by applying isentropic relation as presented in equation [START_REF] Agarwal | Evolution, challenges and path forward for low temperature combustion engines[END_REF], where is the ratio of specific heats of gas mixture:

-1 = (1)
In this study, the main IDT is defined as the duration between the end of compression and the combustion Maximum Pressure Rise Rate (MPRR). The last value corresponds to the peak of dP/dt profile. In the case of two-stage ignitions, the 1 st -stage IDT is measured as the time between the end of compression and the first distinguishable peak of dP/dt. The standard deviation of 1 st -stage IDT and main IDT in this work are ±10% and ±5% respectively.

Kinetic modeling

To investigate the ferrocene additive effect on the surrogate fuel reactivity, a detailed kinetic model was developed in this work. The surrogate fuel sub-mechanism, based on the kinetic model of Lawrence Livermore National Laboratory (LLNL) [START_REF] Mehl | Kinetic modeling of gasoline surrogate components and mixtures under engine conditions[END_REF], was fully adopted from a previous work [START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF].

The validation of this sub-mechanism was obtained with a large set of experimental data from literature and for several toluene/ n-heptane mixtures [START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF][START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF][START_REF] Herzler | Shock-tube study of the autoignition of n-heptane/toluene/air mixtures at intermediate temperatures and high pressures[END_REF][START_REF] Hartmann | Auto-ignition of toluenedoped n-heptane and iso-octane/air mixtures[END_REF].

The ferrocene sub-mechanism was built based on literature. It consists of three groups of reactions including ferrocene decomposition, interactions of small radicals (H, O, OH, HO2) with ferrocene and reactions of iron species. The first two groups of reactions were adopted from the work of Fenard et al. [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF]. The ferrocene decomposition was described as a two-step decomposition. Firstly, ferrocene (FeC10H10) released a cyclopentadienyl radical (C5H5) to produce FeC5H5. The rate constant of this reaction was adopted from the work of Lewis et al. [START_REF] Lewis | Bond dissociation energies in ferrocene[END_REF]. The second step was a dissociation to produce Fe and C5H5. The kinetic of this reaction was estimated by Hirasawa et al. [START_REF] Hirasawa | Effect of ferrocene addition on sooting limits in laminar premixed ethylene-oxygen-argon flames[END_REF]. The rate of the reactions of smalls radicals with ferrocene was estimated by Fenard et al. [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF] based on literature data [START_REF] Hirasawa | Effect of ferrocene addition on sooting limits in laminar premixed ethylene-oxygen-argon flames[END_REF][START_REF] Tsang | Chemical Kinetic Data Base for Combustion Chemistry Part V. Propene[END_REF][START_REF] Stark | Addition of Peroxyl Radicals to Alkenes and the Reaction of Oxygen with Alkyl Radicals[END_REF].

Table S2 summarizes all the reactions involving ferrocene and FeC5H5 in the current study. Iron species reactions including iron (Fe), iron oxides (FeO, FeO2), iron hydroxides (FeOH, Fe(OH)2) and other iron compounds (FeOOH, FeH) were adopted from the study of Rumminger et al. [START_REF] Rumminger | Numerical study of the inhibition of premixed and diffusion flames by iron Pentacarbonyl[END_REF].

Additionally, the kinetic model includes the reaction of Fe with NO2 [START_REF] Plane | A study of the reactions of Fe and FeO with NO2, and the structure and bond energy of FeO2[END_REF] and CO2 [START_REF] Giesen | High temperature oxidation of iron atoms by CO2[END_REF]. The reactions of nucleation of Fe atoms from the work of Wen et al. [START_REF] Wen | Detailed Kinetic Modeling of Iron Nanoparticle Synthesis from the Decomposition of Fe(CO) 5[END_REF] were added in the kinetic model.

In this study, the measured IDT were simulated thanks to the 0-D closed homogenous reactor model in CHEMKIN-PRO [START_REF]Reaction Design[END_REF]. The chemical reactivity of the gas mixture during the compression process was considered. The initial thermodynamic condition of a simulation were the intake pressure (P0) and the piston initial temperature (T0). The heat loss during a RCM experiment was taken into account by using an "effective volume". This "effective volume" profile was obtained by conducting a non-reactive experiment where O2 was replaced by N2 at the same initial conditions as those of the targeted reactive experiments. The calculation of the adiabatic core hypothesis was then applied to deduce the volume profile as described by Tanaka et al. [START_REF] Tanaka | A reduced chemical kinetic model for HCCI combustion of primary reference fuels in a rapid compression machine[END_REF].

Results and Discussions

This section investigates experimentally and numerically the IDT of ferrocene doped fuel. The objective is to better assess its chemical activity in order to explore the chemistry of two opposite additives, i.e. ferrocene and EHN.

Effect of ferrocene on the reactivity of the fuel surrogate

The ferrocene effect on the fuel surrogate reactivity is presented in Figure 1 for two equivalence ratios at 10 bar from near 675 K to near 1000 K. The doping level of ferrocene was set at 0.1% mol..

The reactivity of the neat surrogate fuel depends on the equivalence ratio. A strong NTC behavior is observed from 790 K to around 885 K at Φ = 1. Two-stage ignitions exist at the lower temperature range (Tc < 790 K) for both equivalence ratios. While ferrocene does not show a remarkable effect on the 1 st -stage ignition of the surrogate fuel, this additive presents a strong inhibiting effect on the main ignition. The latter effect increases with temperature. The main IDT of the doped fuel is up to 4 times longer than one of the neat fuel at the highest examined temperatures (Tc > 900 K). In addition, ferrocene enhances the NTC behavior of the surrogate fuel. In lean conditions (Φ = 0.5), the doped fuel presents an NTC behavior from 750 K to 910 K which is not observed in the case of the neat fuel. The initial kinetic model based on available data strongly underestimates the ferrocene effect as presented in Figure 1. Simulations with or without the addition of ferrocene lead to similar ignition delay times. This kinetic model is limited to ferrocene and iron chemistry from Fenard et al. [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF] and Rumminger et al. [START_REF] Rumminger | Numerical study of the inhibition of premixed and diffusion flames by iron Pentacarbonyl[END_REF]. Ferrocene decomposition was experimentally investigated [START_REF] Lewis | Bond dissociation energies in ferrocene[END_REF]. As a first approximation, the interactions of ferrocene with key combustion radicals (O, H, OH, HO2) were estimated based on similar reactions of alkenes with these radicals [START_REF] Fenard | An engine-relevant kinetic investigation into the anti-knock effect of organometallics through the example of ferrocene[END_REF]. The reactions of other iron species were included from the model of Rumminger et al. [START_REF] Rumminger | Numerical study of the inhibition of premixed and diffusion flames by iron Pentacarbonyl[END_REF] to simulate the very high temperature (T > 2000 K) reactivity [START_REF] Rumminger | Numerical study of the inhibition of premixed and diffusion flames by iron Pentacarbonyl[END_REF], which is not relevant to the experimental condition examined in this study.

All above estimations are limited to describe the ferrocene effect under the conditions investigated in this work.

Ferrocene sub-mechanism improvement

The inability of the initial model to replicate the experimental observations indicated that some reaction pathways may be missing in the ferrocene sub-mechanism. It was hypothesized that some reactions between iron species and radicals derived from parent fuels might play a role and should be included in the kinetic model. In order to quantify the relative amounts of the different iron-containing species, Figure 2 presents the simulated profiles of iron species in conditions, in which ferrocene was experimentally found to be effective (see Figure 1), i.e. 10 bar, 830 K, Φ = 1, doping level of ferrocene at 0.1% mol. The simulation is conducted with the initial kinetic model. The most dominant simulated iron species are FeC10H10, FeC5H5 and Fe(OH)2. Their chemistries were assumed to be the most important involved in the inhibiting effect of ferrocene. Rate constants of reactions involving ferrocene with atoms and small radicals (H, O, OH, HO2) presented in table S2 in the Supplementary Document were thus reviewed. Performing a brute sensitivity analysis on these rate constants, it was found that only reactions of FeC10H10 and FeC5H5 with HO2 provided an inhibiting effect at Tc < 885 K. Similar reactions were then applied to represent the interactions of FeC10H10 and FeC5H5 and other dominant peroxy radicals (CH3OO, C2H5OO, and C6H5CH2OO). All these reactions produced the corresponding alcohols (CH3OH, C2H5OH, and C6H5CH2OH). At this step, the new model could simulate the effect of ferrocene at Tc < 885 K but not at Tc > 885 K. To extend the model performance, the chemistry of Fe(OH)2 was updated because of its significant concentration in the high temperature range. Thanks to the above proposed reactions with FeC10H10 and FeC5H5, the inhibiting effect of ferrocene is supposed to be related to the radical-consuming reactions producing low reactive species. Novel reactions between the radicals (OH, CH3, C2H5, and C6H5CH2) with Fe(OH)2 forming the corresponding alcohols were thus included in the mechanism.

These reactions were numerically identified as the main source of the ferrocene inhibiting effect at Tc > 885 K. Table S3 in the Supplementary Document summarizes the new proposed reactions involving FeC10H10, FeC5H5 and Fe(OH)2. The activation energy and pre-exponential factor estimations were based on the work of Rumminger et al. [START_REF] Rumminger | Numerical study of the inhibition of premixed and diffusion flames by iron Pentacarbonyl[END_REF] in which the reference reactions of iron species were mostly barrierless. The proposed sub-mechanism captures the fuel additive effect suggesting that such inhibiting behavior could be a viable pathway to explain the ferrocene activity in the tested operating conditions.

Figure 3 illustrates the new simulation results in comparison with the experimental data. At the stoichiometric condition, the inhibiting effect of ferrocene on the main IDT of the surrogate fuel over the whole range of examined temperatures is correctly captured. The model predicts an inhibiting effect on the 1 st -stage IDT while this cannot be confirmed clearly experimentally. Overall, the proposed kinetic mechanism simulates reasonably the experimental measurements at two equivalences ratio investigated in this study. The resulting chemical mechanism developed and used in this study is provided in Supplementary Materials of this paper. 

Differences between chemical effects of ferrocene (an octane booster) and EHN (a cetane booster)

While the use of additives to modify hydrocarbons reactivity has been investigated thoroughly in the past, discussions on the additives chemical effects are not frequent. The kinetic model developed in this study has the advantage to be developed for both iron involving species and nitrogen containing ones. More specifically, both the chemistries of an octane booster (ferrocene) and of a cetane booster (EHN) are included and validated upon a large set of existing experimental data. The latter was experimentally and numerically investigated in a previous study using the same RCM of Orléans [START_REF] Le | Exploring and Modeling the Chemical Effect of a Cetane Booster Additive in a Low-Octane Gasoline Fuel[END_REF][START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF]. A comparison of the two additives is carried out to highlight the differences of chemical activities, which could be of interest for further additives development. The simulations of fuel doped with EHN presented in the next figures were carried out with the kinetic model developed in the previous study [START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF]. Rate of production (ROP) analyses were conducted at the time corresponding to 80% EHN decomposition.

The first difference between the two additives is related to their decompositions during RCM tests.

Simulations were performed at Pc = 10 bar, Tc = 915 K, Φ = 1 and the doping levels of EHN and ferrocene were set at 0.1% mol. in the surrogate fuel. By simulations, it was observed that EHN decomposed before the end of compression while ferrocene remained stable. The early decay of EHN initiated the combustion of toluene and n-heptane and then increased Pc. Figure 4 presents the pressure histories near the end of compression of RCM tests with the neat and doped fuels. In the presence of EHN, Pc increased remarkably. The pressure histories of the neat and doped fuels were reasonably simulated. This also highlighted the correct behavior of the kinetic model of this study. The second difference between the two additives is related to their interactions with toluene.

Figure 5 illustrates how toluene reacts under the investigated conditions (10 bar, Φ = 0.5 -1, 675 K -1000 K). Toluene forms primarily benzyl radical (C6H5CH2) by H-atom abstraction. This radical undergoes an O2 addition to form benzyl peroxy radical (C6H5CH2OO). This compound is much less reactive than heptyl peroxy isomer radicals because of the lack of a facile intramolecular isomerization reaction, and reacts mostly in termination steps. The previous study [START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF] showed that this additive The last difference between the two additives is their effect on the NTC behavior. It was found that EHN could mitigate the NTC behavior of the surrogate fuel [START_REF] Le | Experimental and Numerical Investigation of the Promoting Effect of a Cetane Booster in a Low-Octane Gasoline Fuel in a Rapid Compression Machine: a Study of 2-Ethylhexyl Nitrate[END_REF]. In this study, the experiment results indicate that ferrocene enhances this phenomenon. The NTC behavior of the surrogate fuel comes from the chemistry of n-heptane. In conclusion, three mains differences on two opposite additives regarding their effect on a surrogate fuel reactivity are described. They involve their stability, their impact on toluene reactivity and on the NTC behavior mostly related to n-heptane.

Conclusions

This study investigates experimentally and numerically the inhibiting effect of ferrocene under engine-relevant conditions. To measure IDT, experiments were conducted in a RCM at Φ = 0.5 and 1, Pc = 10 bar and Tc = 675 -1000 K. The neat surrogate fuel is a mixture of toluene and n-heptane to evaluate the additive effect on key combustion properties such as two-stage ignition or NTC. The doping level of ferrocene was set at 0.1% mol.

It was found that ferrocene did not show a remarkable effect on the 1 st -stage ignition of the surrogate fuel. However, ferrocene showed a strong inhibiting effect on the main ignition of the surrogate fuel at both equivalence ratios. This effect increases with Tc. Ferrocene enhances surrogate fuel NTC.

A kinetic model was developed with literature data assembly. This model failed to reproduce the effect of ferrocene emphasizing the need for a novel mechanism. Additional reactions involving the formation of low reactivity species from the reactions of iron species with radicals such as HO2, C6H5CH2, C6H5CH2OO were proposed. The new model successfully simulated the inhibiting effect of ferrocene at both equivalence ratios.

Thanks to the validated kinetic model of ferrocene, the chemical effect of this additive on the fuel combustion is described. Compared with EHN, which is a conventional reactivity enhancer, three differences are demonstrated. The first difference is about the stability of the fuel additive as Ferrocene is much more stable than EHN. The second is related to the addtive chemical effect on the fuel surrogate. While EHN promotes the toluene oxidation with the interaction of NO2 and benzyl radical, ferrocene slows down the toluene oxidation thanks to reactions producing an alcohol. The reactions of benzyl and benzyl peroxy radicals with iron species enables this pathway. This mechanism could also describe the chemical effect of these additives with other aromatic fuels such as (poly) methylbenzene.

Figure 1 .

 1 Figure 1. IDT of the neat surrogate fuel (black) and the surrogate fuel doped with 0.1% mol. ferrocene (grey) at 10 bar. Experiments: filled symbols (main IDT) and empty symbols (1 st -stage IDT). Simulation: solid lines (main IDT) and dashed lines (1 st -stage IDT). (a) Φ = 1, (b) Φ = 0.5. Simulations with the initial kinetic model.

Figure 2 .

 2 Figure 2. Simulated profiles of iron species during a RCM test at condition: 10 bar, 830 K, Φ = 1, surrogate fuel doped with 0.1% mol. ferrocene. Simulation with the initial kinetic model.

Figure 3 .

 3 Figure 3. IDT of the neat surrogate fuel (black) and the surrogate fuel doped with 0.1% mol. ferrocene (grey) at 10 bar. Experiments: filled symbols (main IDT) and empty symbols (1 st -stage IDT). Simulations by the new kinetic model: solid lines (main IDT) and dashed lines (1 st -stage IDT). (a) Φ = 1, (b) Φ = 0.5.

Figure 4 .

 4 Figure 4. Measured (solid line) and simulated (dashed line) of pressure histories near the top dead center during RCM experiments at Pc ≈ 10 bar, Φ = 1, Tc = 915 K of the neat surrogate fuel (black lines), the surrogate fuel doped with EHN 0.1% mol (thick grey lines) and the surrogate fuel doped with ferrocene 0.1% mol. (thin grey lines).

  which can react with benzyl radical (C6H5CH2) to produce NO and C6H5CH2O. This last radical is more reactive than C6H5CH2OO as it quickly decomposes into H-atom and benzaldehyde (C6H5CHO). In the presence of ferrocene, this additive decelerates the toluene reactivity by a set of different reactions (R2, R3, and R4): ferrocene and its derived compounds (FeC5H5, Fe(OH)2) react with C6H5CH2 and C6H5CH2OO radicals to produce the low reactivity alcohol C6H5CH2OH.

Figure 5 .

 5 Figure 5. Reactions pathway of toluene at 10 bar, Φ = 0.5-1, 675 K-1000 K and the chemical effects of EHN and ferrocene on toluene reactivity.

Figure 6

 6 presents the reaction pathway of n-heptane at Pc = 10 bar, Tc = 830 K, Φ = 1 for three fuels: the neat surrogate fuel, the surrogate fuels doped with EHN 0.1 % mol. and with ferrocene 0.1% mol.. The main reason for the NTC phenomenon involves the reactions of heptyl peroxy radicals (C7H15OO) and their isomer hydroperoxy heptyl radicals (C7H14OOH). At intermediate temperature (Tc = 830 K), the formations of alkenes and cyclic ethers from C7H15OO and C7H14OOH are favored compared to the second oxygen addition leading to the formation of ketohydroperoxides, which results in branching agents. These reactions slow down the reactivity of n-heptane and the surrogate fuel. The NO2 formation from EHN also leads to the benzyl radical oxidation (C6H5CH2) and produces NO and C6H5CH2O. NO then reacts with C7H15OO through reaction R5 which enhances the reactivity and restrains the NTC zone. Conversely, ferrocene enables the reactions R6 and R7 with HO2. The consumption of HO2 radicals released from C7H15OO decomposition accelerates this latter reaction forming alkenes. Consequently, the NTC phenomenon is expanded.

Figure 6 .

 6 Figure 6. Reactions pathway of n-heptane at 10 bar, Φ = 1, 830 K and the chemical effects of EHN and ferrocene on NTC behavior.

The last difference reveals how these two additives affect the NTC behavior. EHN mitigates the NTC zone through the reaction of heptyl peroxy isomer radicals with NO while ferrocene raises NTC phenomenon by consuming the HO2 radical released from heptyl peroxy isomer radicals.

This study contributes to the fundamental understanding of additives impact in different temperature or composition conditions. Original experimental data were used to propose a novel chemical mechanism capable of simulating and exploring inhibiting and enhancing additive effects. Future studies will be dedicated to fuel surrogates involving oxygenated hydrocarbons to characterize the additives effect on an extended set of hydrocarbons.
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