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Introduction

To meet the demand of stringent regulations, current engines are usually equipped with exhaust gas recirculation (EGR), which shows significant advantage for emissions abatement [1], because it increases dilution and decreases the temperature in the combustion chamber.

When using EGR, the fuel combustion properties are altered by the presence of great amounts of carbon dioxide and water induced by the recirculation of exhausted gases. Such species may have both thermal and chemical effects on fuel oxidation [2][3][4][5][6][7][8]. Lubrano Lavadera et al. [9] provided a summary of the experimental and numerical studies made before 2016, which have investigated the effects of CO2 on combustion properties. They also observed that propane oxidation was significantly altered by CO2 addition in a jet-stirred reactor (JSR) at atmospheric pressure at temperatures between 720 and 900 K. They found that, at high temperatures, CO2 inhibited the CO oxidation via the reactions CO2 + H = CO + OH and H + O2 + M = HO2 + M because of the high CO2 three-body collisional efficiency. Both reactions competed with the H + O2 = OH + O reaction, diminishing the system reactivity. Di et al. [10] studied the effects of different diluents, including Ar, N2, and CO2, on the low-temperature ignition processes of iso-octane and n-heptane using a rapid compression machine. The experimental and modeling results confirmed that the bath gas composition had a significant impact on ignition under conditions exhibiting two-stage ignition within the negative temperature coefficient (NTC) region. However, the authors claimed that the bath gas composition had little impact on the first-stage ignition at any of the conditions studied. For temperatures below 800 K, the major impact of the buffer gas composition was due to thermal effects. The chemical effect increased with increasing temperature. In the two aforementioned papers [9,10], the authors recommended further investigation of the effect of high concentrations of CO2 on fuel conversion.

Besides water and CO2, NOx (mainly NO and NO2) are also present in significant amounts among the exhausted gases used in EGR. They play an important role in changing the reactivity of the fresh inlet fuel and consequently altering the ignition delay times [11][12][13][14][15] and product emissions. [16][17][18][19][20][21][22][23][24][25][26][27]. A typical small-size component of gasoline surrogates is n-pentane. Many efforts were undertaken to study the oxidation of neat n-pentane [28][29][30][31][START_REF] Marks | 51st AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition[END_REF][START_REF] Bugler | [END_REF][34] or its role as a dual fuel [35]. However, reports in terms of the effect of NOx addition on n-pentane oxidation are still scarce.

In 1996, Prabhu et al. [36] investigated the effect of NO addition on 1-pentene oxidation in a pressurized (6 atm) flow reactor between 600 and 800 K. Fuel reactivity and major products were determined using gas chromatography (GC) and Fourier transform infrared (FTIR) spectroscopy. Although this fuel was unsaturated, an alkane-type behavior was observed for 1-pentene, with an NTC behavior, which was suppressed in the presence of NO. No kinetic model was used to reproduce the experimental data. In 2005, Glaude et al. [37] proposed a detailed kinetic model for the mutual oxidation of NO and n-pentane between 600 and 1000 K in an atmospheric pressure quartz flow reactor. They pointed out that the reactions of NO with HO2 and with alkylperoxy (ROO) radicals releasing OH or RO radical were responsible for the whole system oxidation acceleration. Recently, Zhao et al. [38,39] studied the NOx sensitization effects on n-pentane oxidation in an atmospheric JSR between 500 and 800 K. The fuels, both NO and NO2, and several C1-C2 products were studied by electron impact molecular beam mass spectrometry, μGC, and Faraday rotation spectrometry. The authors also developed a kinetic model to explain the observed NTC retarding phenomenon in the presence of NOx. They proposed HONO as an important intermediate species during the oxidation process involving nitrogen-containing species.

For atmospheric chemistry purpose, several attempts were made to identify and quantify HONO [40][41][42]. The absorption spectrum of HONO was first measured by Jain et al. [42] with the aid of continuous wave cavity ring-down spectroscopy (cw-CRDS). The cross section of HONO, which is essential for its quantification, was determined. Regarding combustion studies, Chai and Goldsmith [43] calculated the rate coefficients for the H-abstraction reactions, H2 + NO2 and CH4 + NO2, leading to the formation of HONO. To the authors' best knowledge, during the oxidation of a fuel in the presence of NOx, HONO was only detected with cw-CRDS at CNRS-Nancy [44,45]. In our first attempt, methane was adopted to represent a biogas surrogate fuel in the presence of NOx. It was found that HONO signals were below the estimated/calculated detection limit (3 ppm) [44]. More recently, HONO signals were successfully identified and quantified during n-pentane JSR oxidation in the presence of NO [45].

In this context, following our previous work on neat n-pentane low-temperature oxidation performed in an atmospheric JSR using GC and quantifying a wide range of C0-C5 products [30], we present here a study of the effect of diluents (He, Ar, and CO2) and of NOx addition on n-pentane oxidation at temperatures ranging from 500 to 1100 K. NOx species were studied by chemiluminescence, the amount of HONO was quantified by means of cw-CRDS, and a search for intermediate species, CH3NO2 and HCN, was made with the aid of FTIR. A new detailed kinetic mechanism was developed and used to interpret the experimental data. The present study under stoichiometric conditions, with different used bath gases and with a large range of analyzed species including HONO, will significantly enlarge the database already started by Zhao et al. [38,39] on the same chemical system.

Experimental Setup

The experimental setup used was a laboratory-scale spherical fused silica JSR (volume of 81.2 cm 3 ; detailed description provided elsewhere [46]). The liquid n-pentane was filled into a tank and pressurized with He. The flow rate of n-pentane was controlled by a Coriolis flow controller. After the evaporation in a heat exchanger, the gaseous n-pentane, along with the gas diluent and oxygen, was premixed before entering in an annular preheating zone and to the reactor afterward through four different nozzles. These nozzles created high turbulence, which results in homogeneous distributions of mixture compositions and temperature in the reactor. The residence time inside the preheating zone was only ≈1% with respect to that in the reactor, which was kept fixed at 2.0 s (±0.1 s) within all the experiments performed. Both the reactor and the preheating zone were heated using Thermocoax resistances.

The reactor temperature was measured by a type-K thermocouple (±5 K) located at the center of the reactor. The pressure in the reactor was controlled by a needle valve (±0.2 kPa) positioned downstream of the reactor and kept constant at 107 kPa (800 Torr). Argon, helium, carbon dioxide, oxygen, NO, and NO2 were provided by Messer (purities of 99.99%). The flow rates of the gases were controlled by mass flow controllers (±0.5%).

The gases leaving the reactor were analyzed online using four analytical techniques:  Three gas chromatographs were equipped with three columns (carbosphere-packed column, PlotQ capillary column, and an HP-5 capillary column), a thermal conductivity detector, and a flame ionization detector. The previous product identification made using GC-MS operating with electron ionization [30] was also used in the present work.

 A chemiluminescence NOx analyzer (Thermo Scientific Model 42i) was adopted to measure the concentration of NO and NO2. The quantitative range is 0-5000 ppm for NO and 0-500 ppm for NO2 with 0.1 ppm sensitivity. Two pumps were used for outlet and bypass channels, respectively.

 An FTIR spectrometer (Thermo Scientific Antaris) was used to detect the CH3NO2 (if any) and HCN (if any) species, see more details in ref [44].

 A homemade cw-CRDS infrared spectrometer was used to detect H2O, CH2O, and HONO species, the description of this instrument is also provided in ref [47].

The uncertainty in the species concentration measurements using the different diagnostic instruments is estimated to be ±5%, except for the FTIR and CRDS measurements, for which it can be estimated as ±10-15%.

Kinetic Model

The new chemical kinetic mechanism developed in the present work includes the n-pentane mechanism previously developed by the Galway group and successfully used in previous n-pentane oxidation studies [30,31] and an updated C0-C1 NOx submechanism from the Princeton group [38]. This last submechanism already contains reactions of C5 alkoxy radicals with NO to produce aldehydes and HNO. Additional reactions to merge/join the n-pentane mechanism and the NOx submechanism are included in our new mechanism. The added reactions shown in Table 1 are written by analogy with the work of Glaude et al. [37] for n-pentane/n-butane oxidation in the presence of NO and that of Anderlohr et al. [48] for the oxidation of engine surrogate fuels (n-heptane, iso-octane, and toluene) in the presence of NO.

The added reactions include the reactions of C2-C5 alkyl radicals with NO2 to give NO and the corresponding alkoxy radicals. The kinetic parameters for those reactions were taken similar to those proposed by Glarborg et al. [49] for the reaction CH3 + NO2 = CH3O + NO (with an uncertainty around a factor of 2).

The C2-C5 peroxy radicals can react with NO to also produce the corresponding alkoxy radicals; in the case of hydroperoxy peroxypentyl radicals, the decomposition of the alkoxy radicals in formaldehyde, propene, and hydroxyl radical is directly written. The abstractions by NO2 of H-atoms from n-pentane and of the aldehydic H-atom from C2-C5 aldehydes leading to HONO are also considered. Alkyl radicals can react with HNO to give NO and the corresponding alkanes. Finally, the combinations between alkyl radicals and NO2 are also written. Moreover, the chemistry of HONO is also updated by the adoption of the rate constant for NO + OH (+M) = HONO (+M) [55], along with a modified third-body coefficient for Ar (coefficient of 0.1).

The kinetic parameters for the HONO forming reaction (NO2 + HO2 = HONO + O2) are adopted following Rasmussen et al. [22] and those of the reaction associated with OH radical attacking HONO to form NO2 and H2O are implemented following Burkholder et al. [56]. Two channels are considered for the reaction of HNO with NO2, one giving HNO2 and NO and the other producing HONO + NO.

The complete mechanism, which involves 832 species and includes 4218 reactions, is provided as the Supporting Information of this paper in CHEMKIN format, along with thermodynamic properties. The thermodynamic data for the involved species have been taken from the same sources as in the two original mechanisms [30,38]. The present mechanism is able to reproduce experimental data from the literature [38,39] as shown in Figures S1-S4 in the Supporting Information.

Results

The experiments for the neat n-pentane oxidation with different bath gases (He, Ar, and CO2) and for the oxidation of n-pentane doped with NO and NO2 diluted in argon were carried out under stoichiometric conditions over the 500-1100 K temperature range. Equivalence ratios were calculated neglecting the amounts of added NOx compounds, which were around 4-10% that of n-pentane [this is to keep the inlet fuel and oxygen mole fractions (mole fractions) constant in all experiments]. The experimental conditions investigated in this study are presented in Table 2. A spreadsheet including all the experimental data, including N-atom balance, is provided in the Supporting Information. Numerical calculations were conducted with the CHEMKIN-PRO software package [START_REF]CHEMKIN-PRO 15151[END_REF]. Transient solver was applied in the simulation tasks with sufficient time allowed to reach the steady-state solution.

Experimental Results and Comparison with Simulations

In this part, we present the experimental results obtained first for the different used bath gases and then with the addition of NOx. In both cases, the experimental results are compared with predictions using the aforementioned model. In all the figures shown in this part, experimental results are denoted by symbols and simulations by lines.

Oxidation of Neat n-Pentane: The Effect of Different Bath Gases

Figure 1 shows the temperature dependence between 500 and 1100 K of the mole fractions of n-pentane and CO using the three different bath gases, Ar, He, and CO2 (exp. 1-3 in Table 2). The temperature of the reactivity onset is approximately 575 K, regardless of the bath gas. As temperature increases to 625 K, the starting temperature of the NTC zone, the conversion of n-pentane with Ar as the carrier gas is slightly higher than that when using He and CO2. However, n-pentane is more reactive with CO2 as the carrier gas compared to He and Ar over the temperature range between 800 and 900 K. For CO mole fraction, in the 850-1000 K temperature range, modeling predictions do not show as much influence of the carrier gas as it can be seen in the experimental results. At the highest temperatures, the CO amount is the largest for the CO2-diluted mixtures. Note that dynamic behaviors (oscillations) occur when the temperature is above 850 K with Ar as a carrier gas, which explains why the data, neither experimental nor modeling with Ar, are shown in Figure 1 above this temperature. Oscillation regime was already observed and numerically predicted in previous studies with methane as fuel [START_REF] Lubrano Lavadera | [END_REF]; this is also an interesting topic of research but beyond the goals of the present work.

The kinetic mechanism is able to reproduce the experimental data, although the mole fraction of n-pentane is slightly overestimated at 625 K with Ar as the carrier gas. Below 800 K, the model predicts the same n-pentane conversion trend for He and Ar and a slightly lower conversion for CO2. With respect to the CO formation, the model underestimates it with CO2 as the bath gas when the temperature is above 1050 K.

Because the temperature is assumed to be uniform inside the reactor, the reactivity differences for different bath gases observed above 800 K might be ascribed rather to different third-body coefficients than to the different heat release rates due to thermal diffusion heat-transfer rates under the different bath gas environments. The branching mechanism represented by the reaction H2O2 (+M) = OH + OH (+M) is altered in virtue of the higher collisional efficiencies of CO2 with respect to Ar and He. This is consistent with what was previously observed in ref [9]. At the highest temperatures, the reaction CO2 + H = CO + OH explains why the CO amount is largest for the CO2-diluted mixtures. The results obtained between 500 and 900 K in the absence and in the presence of NOx are presented in Figure 2. In all the experiments with NOx addition, the carrier gas is Ar (exp. 5 and 6 in Table 2). Besides the temperature dependence of n-pentane mole fractions, the formation of some of the major reaction products is also displayed.

As it can be seen, the addition of 500 ppm NO (triangles) has a strong effect on the n-pentane reactivity. The onset temperature for n-pentane is shifted from 575 to 625 K by the addition of NO. This fact indicates that the presence of NO inhibits the reactivity of n-pentane in the NTC region. Above 700 K, the n-pentane conversion is larger in the presence of NO compared to the other two cases. On the other hand, the presence of 400 ppm NO2 (circles) does not considerably modify the n-pentane mole fraction below 700 K. Above this temperature, the n-pentane conversion in the presence of NO2 is in between that with added NO and that with neat n-pentane (squares).

With NO addition, the initial temperature for the formation of the main oxidation products, such as CO, H2, C2H4, C3H6, 1-butene, 1-pentene, formaldehyde, acetaldehyde, acetone, and cyclic ethers (C5H10O-1-4 [2-methyltetrahydrofuran], C5H10O-2-4 [2,4-dimethyloxetane], and C5H10O-2-3 [methyl-ethyl-oxirane]), increases up to 650 K. For the products exhibiting an NTC area in neat mixtures, this behavior is significantly reduced in the presence of NO. NO2 addition does not much alter the product formation below 700 K.

Overall, there is a good agreement between experimental data and model predictions, especially for light hydrocarbon species (C2H4, C3H6, and 1-C4H8). Moreover, the model can also predict quite well the profiles of H2 and formaldehyde. More deviations are encountered for acetaldehyde and acetone. H2O formation (not measured without additive) is also underestimated by the model, which was also observed in the previous methane and NOx low-temperature oxidation work [44].

It might be ascribed to the uncertainty in cw-CRDS measurements because of its significant mole fraction. Regarding C5 species, the model overestimates the mole fraction of 1-pentene and underestimates that of cyclic ethers. However, the difference in the shape of the temperature dependence profiles between neat mixture and with NOx addition is well reproduced. As is shown by experiments, the strong mole fraction decreases, which is predicted between 700 and 800 K in neat mixture or with NO2 addition, almost completely disappears with added NO.

In order to evaluate the effect of the amount of added NO on n-pentane oxidation, one more set of experiments in the presence of 1000 ppm NO was studied (exp. 4 in Table 2). As is shown in Figure 3, in the case of 1000 ppm of NO (blue circles), the onset temperature for n-pentane conversion is shifted from 625 K (500 ppm of NO) to 675 K. This implies that the retarding effect of NO on n-pentane oxidation is even stronger with the increase of the amount of added NO. Once the reaction is started, as temperature increases, the consumption of n-pentane is larger in the presence of 1000 ppm NO than that with only 500 ppm NO addition.

Figure 4 shows the temperature dependence of NO, NO2, and HONO mole fractions in the presence of NO and NO2. When its initial mole fraction is 500 ppm, NO starts to be consumed at 625 K; meanwhile, the mole fraction of NO2 increases sharply to reach approximately 300 ppm. Above 650 K, NO is fully consumed, and the amount of NO2 continues gradually increasing until 750 K. Concerning HONO, for which the quantification procedure under oxidation process was demonstrated elsewhere [45] its produced mole fraction is nearly 100 ppm at a temperature of 650 K. The HONO mole fraction also increases until the temperature is 725 K. After that, it decays as the temperature further increases. When NO2 (400 ppm) is added as a reactant, the onset temperature for its consumption is approximately 575 K, which is consistent with that of neat n-pentane as is shown in Figure 2. The NO2 mole fraction drops to 90 ppm at a temperature of 625 K, and then it increases again with the increase of temperature. HONO mole faction gradually increases to 120 ppm when the temperature is 675 K. After that, the amount of HONO decreases to 70 ppm at 800 K. No NO formation is observed in the case of NO2 addition, as it can be seen in the upper part of Figure 4.

With the aid of FTIR, a search for HCN (detection limit of 100 ppm [44]) and CH3NO2 (detection limit of 5 ppm [44]) species was attempted. However, there was no obvious signal of these two species on the spectra when compared to the standard ones at all the studied temperatures. The nitrogen mass balance significantly deteriorates in the temperature range from 600 to 700 K; this lack of nitrogen might be partly due to the detection limits of the current diagnostic instruments, but this is not fully understood.

The model captures satisfactorily the experimental trends for NO mole fractions. It slightly overestimates the amount of HONO when the temperature is below 650 K in the presence of NO, and in the case of NO2 addition when the temperature is above 650 K. Regarding NO2 addition, the model underestimates the produced mole fraction of NO2 when the temperature is above 750 K. Note that the model predicts the formation of CH3NO2 and C2H5NO2 in the presence of NOx, especially in the 600-700 K temperature range, while none of these species was observed from an experimental point of view (the features present in the C2H5NO2 FTIR spectrum of the NIST WebBook database [59] were not observed in our FTIR spectra). Simulations did not show notable amounts of HCN, but a maximum mole fraction of 40 ppm was predicted for CH3NO2 in the presence of NO and of 70 ppm in the presence of NO2. Note that a notable formation of C2H5NO2 was also predicted, with a maximum mole fraction of 130 ppm in the presence of NO and of 95 ppm in the presence of NO2. More studies on the reactions of CH3NO2 and C2H5NO2 would certainly be helpful to improve the model.

Discussion

Reaction rate and sensitivity analyses were performed to clarify the different reaction paths for the oxidation of n-pentane with and without NOx addition. Especially, the different low-temperature n-pentane oxidation behaviors with both NO and NO2 addition and the HONO formation route were analyzed. A first characteristic temperature of 625 K, which is the typical of the low-temperature oxidation area, was selected to perform this analysis. The reaction paths for n-pentane consumption at this temperature are shown in Figure 5.

In the absence of NOx, the n-pentane oxidation starts by H-abstractions by OH radicals. Depending on the H-abstraction site, three different pentyl radicals can be produced, although C5H11-2 is the predominant one. These pentyl radicals react with molecular oxygen to form C5H11O2 radicals, which could readily isomerize to give C5H10OOH radicals, even at this relatively low temperature. C5H10OOH radicals then again add to O2 and are a source of OH radicals and ketohydroperoxides, well-known branching agents. The decomposition of the main ketohydroperoxide obtained starting from C5H11-2 produces OH, CH3CHO, and CH3COCH2. These last two species lead to the formation of CH2O, acetone, and CO. The released OH radicals could then react again with the reactant, n-pentane. This sequence of reactions acts as a branching process, multiplying the number of radicals, therefore accelerating the whole system. In the presence of NO, the route starting by the isomerization of C5H11O2 to C5H10OOH radicals, which is marked in gray in Figure 5, becomes almost negligible. Instead, with the aid of NO, C5H11O2 converts to C5H11O radicals. This explains why, under these conditions, n-pentane is barely consumed as is shown in Figure 2. C5H11O radical decomposes to relatively unreactive species, CH3CHO and NC3H7 radicals, compared to the highly reactive OH radicals derived from the presence of NO. Therefore, the route starting by the isomerization of C5H11O2 to C5H10OOH radicals, which is marked in gray in Figure 5, becomes almost negligible. It can be concluded that the self-sustained oxidation process with the help of OH radicals, formed in branching chains, is significantly disturbed by the addition of NO.

In the presence of NO2, the major consumption route for NO2 is NO2 + CH3 = NO + CH3O, which has a minor direct effect on the n-pentane oxidation. Consequently, the n-pentane conversion displays a similar trend as that for the neat n-pentane as shown in Figure 2. Methyl radicals are produced via the ketohydroperoxide decomposition route. Meanwhile, the generated NO can somehow reduce the reactivity of the system as mentioned above. However, this effect is compensated by the fact that NO could convert back to NO2 with the aid of HO2, releasing OH radical (NO + HO2 = NO2 + OH), which can accelerate the n-pentane oxidation. Note that NO2 can react with CH3O radical to form HONO and CH2O (NO2 + CH3O = HONO + CH2O), explaining why, at 625 K, HONO is formed in the presence of NO2 and not with NO, as is shown in Figure 4.

At an intermediate temperature of 725 K, the initial consumption route of neat n-pentane is still provided by the OH radical attack. However, once the C5H11O2 radicals are generated, the main consumption route switches to decompose them directly to pentenes and HO2 radicals. These last species are relatively stable and their formation competes with the branching route via ketohydroperoxides. Consequently, the fuel reactivity is dramatically hindered, and n-pentane mole fraction almost rebounds to the initial input value (see Figure 2). When added, NO can react with the abundant HO2 radicals, regenerating active OH radicals, which can accelerate the n-pentane oxidation. This explains why the n-pentane consumption remains significant from 675 to 725 K (see Figure 2). With respect to HONO, the formed NO2 can further react with CH3O and HO2 radicals, along with CH2O to form HONO, which can explain the high amount of HONO experimentally detected at 675 K. At the same temperature but in the presence of NO2, the NO-HO2 interaction cannot so easily induce additional OH radical formation and the temperature dependence of n-pentane mole fraction displays a similar trend compared to the neat n-pentane oxidation. In terms of HONO, its formation route is similar to that in the case of NO addition; however, the mole fraction of HONO is lower than that in the presence of NO; it might be ascribed to the lower initial mole fraction of NO2 addition (400 ppm) compared to the NO addition (500 ppm).

The flow rate analysis displayed in Figure 6 was performed at a temperature of 775 K. The reaction paths, which are enclosed in the dash box, belong to the common n-pentane consumption routes with or without NOx addition. Note that, at this temperature, the importance of the channels associated with the n-pentane low-temperature oxidation is less important. The reactions of pentyl radicals by β-scission reactions (C5H11-2 leads to C3H6 and C2H5 radicals) and the formation of pentenes from peroxy radicals by HO2-eliminations are favored and less OH radicals are produced via branching reactions. When added, NO can react with HO2 radicals releasing OH radical and promoting n-pentane oxidation. C2H5 radical, produced from pentyl radical decomposition, could further react with O2 to form C2H4 and HO2, creating a second abundant source of this last radical. This is the reason why the n-pentane conversion in the presence of NO is faster than that in the case of neat n-pentane oxidation. To a lower extent, a similar trend is observed when NO2 is added. As NO is not present as a reactant, it is only produced by reactions of NO2 with C2H5O or CH3O radicals, which can react with HO2 and be a source of OH radicals.

With respect to the HONO, in both NO and NO2 cases, the main reaction routes are similar as mentioned at 725 K. However, the HONO dissociation reaction (HONO + M = OH + NO + M) is favored by the relative high temperature. The released OH radical could enhance the n-pentane oxidation as well.

Moreover, first-order sensitivity analyses were performed under the conditions of Figure 2 (Ar as bath gas) at 625 and 775 K. The sensitivity coefficients for n-pentane mole fractions are displayed in Figure 7. In this figure, reactions promoting n-pentane oxidation are indicated by negative sensitivity coefficients. Because at 625 K, in the presence of NO, no n-pentane consumption was observed in both experimental and model point of view, and no sensitivity analysis is presented at this temperature with added NO. For neat n-pentane, at 625 K, the reactions associated with OH radicals attacking n-pentane and leading to 1-and 2-pentyl radicals show the strongest negative sensitivity coefficients on n-pentane mole fraction, along with the addition to O2 of the main hydroperoxypentyl radical obtained from 2-pentyl radicals, which is the main source of the OH radicals. Note that the H-abstractions leading to 3-pentyl radicals have some inhibiting effect. This is because the peroxy radicals obtained from 3-pentyl radicals isomerize less easily than those obtained from 1-and 2-pentyl radicals. The formation pathways of pentenes and HO2 radicals inhibit the n-pentane oxidation, which is consistent with the reaction path analysis.

Figure 6 shows that, in the presence of NO2, at 625 K, the reactions involving HO2 radicals are particularly influential. In agreement with the flow rate analysis, the reaction of HO2 radicals with NO to produce OH radicals has a strong promoting effect. The consumption by NO of the peroxy radicals deriving from 2-pentyl radicals to give alkoxy radicals has a significant inhibiting influence. At 625 K, in the presence of NO2, the most significant HONO reaction promoting formation is the addition to O2 of the main hydroperoxypentyl radical obtained from 2-pentyl radicals. This is because this reaction favors the overall reactivity, but more especially because it leads to the formation of the ketohydroperoxides, the decomposition of which is the source of CH3O radicals.

The reaction of these last radicals with NO2 is responsible for more than 80% of HONO formation at this temperature. The H-abstractions from n-pentane competing with the formation of 2-pentyl radicals have a negative influence on HONO formation.

At 775 K, both with NO and NO2 addition, again the addition to O2 of the main hydroperoxypentyl radical obtained from 2-pentyl radicals shows a notable sensitivity toward HONO formation. The reactions associated with C2H5O, a precursor of CH3O radicals, CH2O, and HO2 radicals play an important role in promoting HONO formation. The HONO decomposition has the strongest depleting influence on the nitrogenated species.

Conclusions

This work presents an investigation of the oxidation of n-pentane in a JSR from both experimental and modeling points of view. Experiments were carried out at 107 kPa and temperatures between 500 and 1100 K with a fixed residence time of 2.0 s under stoichiometric conditions. The effects of different bath gases (He, Ar, and CO2) as well as NO2 and NO in Ar on fuel reactivity were studied. Note that HONO quantification was performed with the help of cw-CRDS. In general, there is a good agreement between experimental results and model predictions.

The obtained experimental results are almost identical with the different kinds of bath gases in low-temperature oxidation. Above 800 K, the fuel reactivity is affected by the bath gas in the order CO2 > Ar > He. With CO2 as a carrier gas, CO formation is larger than those with He and Ar as carrier gases. Moreover, the addition of NO2 also produces comparable results, except for the largest conversion of n-pentane when the temperature is above 700 K. On the contrary, in the presence of NO, we observed a significant delay of the initial temperature for the start of n-pentane oxidation. The onset temperatures of HONO formation in the presence of NO2 and NO are 575 and 650 K, respectively.

Kinetic analysis showed that the different behaviors of NO and NO2 addition on n-pentane oxidation are related to their roles in the NOx submechanism. As for NO, the C5H11O2 + NO = C5H11O + NO2 reaction alters the main route of C5H11O2 consumption, leading to chain-branching at low temperature, and therefore strongly hinders the reactivity of the system. With respect to NO2, the NO2 + CH3 = NO + CH3O reaction is responsible for the NO2 consumption and has a less directly relevant effect on low-temperature n-pentane oxidation. This can account for the diverse n-pentane oxidation behavior with NO and NO2 addition. The reactions associated with NO2 and CHiO (i = 2, 3) are mainly responsible for the HONO formation, regardless of NO or NO2 addition, the reverse of OH + NO + M = HONO + M reaction is the major source of HONO depletion.

An extension of this work at higher pressures and for various fuels (e.g., n-heptane) or biofuels would certainly be of interest.

Supporting Information

Complete mechanism including species and reactions Thermodynamic data for the involved species Experimental data including N-atom balance Experimental data from the literature

Figure 1 .

 1 Figure 1. Temperature dependence of n-pentane and CO mole fraction with different bath gases. Symbols represent experiments, and lines represent simulations.

Figure 2 .

 2 Figure 2. Influence of NOx addition (with Ar as a bath gas) on the mole fractions of n-pentane and of its main oxidation products. Symbols represent experiments and lines represent simulations (empty squares and broken lines: no additive, black triangles and full lines: + NO, blue rounds and mixed lines: + NO2).

Figure 3 .

 3 Figure 3. Mole fractions of n-pentane in the presence of NO (500 or 1000 ppm). Symbols are experiments, lines simulations.

Figure 4 .

 4 Figure 4. Temperature dependence of NO, NO2, and HONO mole fractions in the presence of NO (500 ppm) or NO2 (400 ppm). Symbols represents experiments and lines represent simulations.

Figure 5 .

 5 Figure 5. Reaction path diagram for n-pentane oxidation with or without NOx addition at 625 K. The thickness of the arrow represents the flow rate of the corresponding reactions.

Figure 6 .

 6 Figure 6. Reaction path diagram for n-pentane oxidation with NO addition at 775 K. The reaction paths, which are included in the dash box, belong to the common n-pentane consumption routes with or without NOx addition. Only the decomposition pathways deriving from C5H11-2 are shown.

Figure 7 .

 7 Figure 7. Sensitivity coefficient for n-pentane mole fraction at 625 and 775 K for neat n-pentane oxidation and in the presence of NO2 or NO (only top 10 sensitive reactions are displayed).

  At 775 K, the NO2-NO conversion reaction induced by C2H5 radical (C2H5 + NO2 = NO + C2H5O) has a strong promoting effect on the n-pentane oxidation in the presence of both NO and NO2. This effect is combined with that of the reactions releasing OH radicals or H atoms, such as NO2 + H = NO + OH, NO + OH + M = HONO + M, H2O2 + M = 2OH + M, and CH3O + M = CH2O + H + M, as is shown by their large sensitivity coefficients.

Figure 8

 8 Figure 8 presents the sensitivity analysis for HONO mole fraction at 625 and 775 K. Positive coefficients indicate reactions favoring HONO formation. Because at 625 K, in the presence of NO, no HONO formation was reported in both experiments and modeling, no HONO sensitivity analysis is displayed at this temperature with added NO.

Figure 8 .

 8 Figure 8. Sensitivity coefficient for HONO mole fraction at 625 and 775 K for neat n-pentane oxidation and in the presence of NO2 or NO (only top 10 sensitive reactions are displayed).

Table 1 .

 1 Reactions Included To Join Both Galway and Princeton Mechanisms a

	Reaction

a Kinetic parameters of the form k = A × T n × exp(-Ea/RT). Units: A is in cm

3 

, mol, and s; Ea is in cal/mol. b R•, RO•, ROO•, and •OOQOOH are pentyl radical isomers, and the derived alkoxy, pentylperoxy, and hydroperoxy peroxypentyl radicals, respectively. c For C3H7• and C4H9•, both linear isomers are considered. d Y• are the C3-C5 resonance-stabilized alkenyl radicals considered in the n-pentane model, R′• is an H-atom or a C1-C2 alkyl radicals. e α: kinetic parameters per primary H-atom, β: kinetic parameters per secondary H-atom. f The rate constant has been taken as equal to that of reaction CH3 + HNO = CH4 + NO.

Table 2

 2 

	Exp.	Xn-pentane	XNO ppm	XNO2 ppm	XO2	Φ	Bath gas
	1	0.01	-	-	0.08	1	Ar
	2	0.01	-	-	0.08	1	He
	3	0.01	-	-	0.08	1	CO2
	4	0.01	1000	-	0.08	1	Ar
	5	0.01	500	-	0.08	1	Ar
	6	0.01	-	400	0.08	1	Ar

. Experimental Conditions (T = 500-1100 K; P = 107 kPa; Residence Time 2 s; Xi is the Mole Fraction of Species i)