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Abstract 6 

A numerical and experimental investigation about the chemical kinetic interactions between 2-7 
ethylhexylnitrate (EHN) and PRF91 was performed in this study. Rapid compression machine 8 
experiments were conducted to investigate the effect of EHN on the autoignition reactivity of the 9 
fuel, and a reduced chemical kinetic mechanism was developed including an EHN sub-model. 10 
Experiments showed that the ignition delay decreases as the fuel is doped with EHN, but the 11 
effect of the doping level of EHN on the ignition is highly non-linear. Moreover, experiments 12 
showed that the EHN effectiveness is lowest during the transition between the low-temperature 13 
regime and the negative temperature coefficient (NTC) regime, and it rapidly increases as the 14 
temperature increases. Both detailed and (developed) reduced mechanisms were validated 15 
against the experimental results, allowing a more in-depth EHN-fuel chemistry study. Additionally, 16 
ignition delay sensitivity and EHN effectiveness sensitivity analyses were performed with the 17 
reduced mechanism to identify the reactions that control the interaction between EHN and the 18 
fuel. As the result, EHN thermal decomposition is only relevant for very low temperatures. The 19 
chemistry of EHN-doped fuel is more sensitive to intermediate temperature reactions than that of 20 
straight fuel, especially at lower temperatures, due to the effect of EHN on the NTC behavior of 21 
the fuel. Finally, the chemistry of EHN-doped fuel is very sensitive to NO2-to-NO reactions, 22 
especially at high temperatures, because these reactions transform the NO2 generated by EHN 23 
into NO, which is a very effective fuel reactivity enhancer.  24 
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1. Introduction 29 

Autoignition reactivity improvers (also known as cetane improvers), such as 2-ethylhexyl nitrate 30 

(EHN), have been used for years to enhance the autoignition quality of diesel fuel [1], increasing 31 

the flexibility of refinery processes and providing a mechanism for catalytic cracking products of 32 

heavy crude-oil distillates with low ignition quality to meet the legal requirements for market diesel 33 

[2]–[4]. Autoignition reactivity improvers have also been demonstrated to enhance the reactivity 34 

of gasoline, providing a promising pathway to tune the ignition quality for advanced compression 35 

ignition (ACI) engines that operate with low-temperature combustion modes, such as 36 



Homogeneous Charge Compression Ignition (HCCI) engines [5]–[7] and Reactivity Controlled 37 

Compression Ignition (RCCI) engines [8]–[11].  38 

More recently, the use of EHN-doped gasoline has enabled a new high-efficiency and low-39 

emissions engine technology called Low-Temperature Gasoline Combustion (LTGC) with 40 

Additive-Mixing Fuel Injection (AMFI) [12], [13]. This combustion process is based on dosing a 41 

small, variable amount of EHN into the gasoline fuel on a cycle-by-cycle on-demand basis, which 42 

adjusts the fuel’s reactivity for achieving fast and robust combustion control. LTGC-AMFI engines 43 

have demonstrated 10% to 25% higher efficiencies than a modern, equivalent-size, market-44 

leading diesel engine, with two orders of magnitude lower engine-out NOx and barely detectable 45 

soot emissions [12]. Moreover, studies have shown that the effectiveness of EHN for enhancing 46 

the fuel’s autoignition reactivity increases with some high-renewable-content fuels compared to 47 

regular gasoline [14], providing a promising pathway to reduce the carbon footprint of internal 48 

combustion engines. 49 

The decomposition of EHN has been extensively investigated [1], [15], [16]. It is widely accepted 50 

that thermal decomposition of EHN occurs via N-O cleavage, and chemical kinetics of EHN is 51 

traditionally described by a two-step reaction mechanism, by which EHN decomposes first to 2-52 

ethylhexyloxy radical (EHO) and NO2, and EHO decomposes to form other radicals, primarily 3-53 

heptyl radical and formaldehyde [17], [18]. However, this simplified model has been unable to 54 

accurately reproduce experimental results from well-controlled facilities such as shock tubes [17], 55 

[19], rapid compression machines (RCMs) [18], [19], or research engines [20], which limits the 56 

investigation of the chemical interactions between EHN and other fuels. 57 

A comprehensive mechanism for EHN decomposition was developed and validated in a recent 58 

investigation [21]. This mechanism expanded the two-step mechanism mentioned above by 59 

including alternative decomposition reactions of EHN, such as by radical attack, EHN ethanolysis, 60 

alternative EHO unimolecular decomposition reactions and EHO oxidation. The mechanism was 61 

integrated into a detailed mechanism for gasoline surrogates [22] and validated against shock 62 



tube experiments of EHN-doped n-heptane and HCCI research engine experiments of EHN-63 

doped gasoline. Additionally, the authors used a combined EHN-gasoline mechanism to 64 

understand the fundamentals of EHN chemistry and the mechanisms by which EHN affects the 65 

reactivity of a gasoline surrogate fuel. The authors concluded that, under ACI engine-like 66 

conditions, EHN decomposition generates NO2 and a combination of 85%-mole of 3-heptyl radical 67 

and formaldehyde, plus 15% of 1-butyl radical and butoxy diradical. Moreover, it was concluded 68 

that 3-heptyl radical and 1-butyl radical are the most responsible for the effect of EHN on 69 

enhancing the reactivity of the fuel. These results are in agreement with those of other 70 

investigations, also concluding that 3-heptyl radical is the primary species responsible for the 71 

enhancing effect of EHN on the fuel’s autoignition [17], [23], [24]. However, the reactions that 72 

control the EHN effectiveness were not identified in these studies.     73 

There are several experimental investigations on the effects of EHN on diesel-like fuels under 74 

well-controlled conditions [1], [16], [17], [25]. However, there are only a few studies that 75 

experimentally investigated the chemistry fundamentals of the interactions between EHN and 76 

gasoline-like fuels in shock tubes or RCMs [18]. Moreover, the majority of these experimental 77 

studies were performed at stoichiometric conditions [18], whereas typical ACI engines operates 78 

with lean fuel-air mixtures.  79 

In this paper, the chemical kinetic interactions between EHN and the gasoline surrogate PRF91 80 

(primary reference fuel that consists of 91%vol iso-octane and 9%vol n-heptane) are studied 81 

experimentally in an RCM. Mixtures are tested at lean conditions to represent ACI engine 82 

operation. Furthermore, these experiments are used to further validate and improve the EHN 83 

mechanism proposed in [21]. Finally, sensitivity analyses are performed to identify the reactions 84 

to which the EHN effect is most sensitive. 85 

2. Methodology 86 

2.1. Experimental facility and parametric study 87 



Experimental measurements are performed in Argonne National Laboratory (ANL)’s RCM facility. 88 

The facility consists of a twin opposed-piston, hydraulically-driven RCM. The RCM has been used 89 

in multiple previous investigations [18], [26]–[28], so the description of the RCM is covered briefly 90 

in this paper. The main specifications of the RCM are listed in Table 1. Creviced pistons were 91 

used to capture roll-up vortices created by the piston motion during the compression process, 92 

minimizing fluid-dynamic phenomena in the combustion chamber, ensuring a quasi-quiescent 93 

bulk gas and improving mixture homogeneity. The compression ratio of the RCM was kept 94 

constant at 14.3:1 during the study. The combustion chamber pressure was measured using a 95 

Kistler 601A piezoelectric pressure transducer that was mounted in the side of the combustion 96 

chamber wall, and the signal was amplified with a Kistler SCP-Slim amplifier. The configuration 97 

and settings used in this investigation are equivalent to those shown in [18]. 98 

Table 1. RCM specifications. 99 

Bore 50.8 mm 
Clearance height at end of 

compression 
26.5 mm 

Combustion chamber volume 
at end of compression 

53.7 cm3 

Crevice volume ~9.1 cm3 
Compression time 19.6 ms 

Geometric compression ratio 14.3:1 - 
Effective compression ratio 10.2:1 - 

The fuel used in this investigation was PRF91. Equivalence ratio was defined as the ratio of the 100 

actual fuel/air mass ratio to the stoichiometric fuel/air mass ratio, and tests were performed at an 101 

equivalence ratio of 0.72 and an oxygen mole fraction equal to 15%. Lean conditions were 102 

selected to closely represent the typical operating conditions of gasoline ACI engines. The fuel-103 

air mixture was diluted either with pure nitrogen or with a mixture of 25% nitrogen + 75% argon, 104 

depending on the desired compression temperature. The dilution was required to allow measuring 105 

the ignition delay of EHN-doped fuel, which would, otherwise, be difficult to discern due to highly 106 

enhanced reactivity. Four different doping levels of EHN were tested: 0%vol, 0.1%vol, 1.0%vol and 107 

3.0%vol.  108 



Test mixtures were prepared in an external vessel heated to 35°C. Gases were dosed based on 109 

their partial pressures and liquid fuel was delivered by a fuel injector. The fuel-gas mixture was 110 

kept in the tank for 120 min to ensure that the fuel was fully vaporized1 and the mixture was 111 

homogeneous. The temperature of the combustion chamber was controlled by electrical heating 112 

elements. For each temperature setting, experiments were performed after a 30 min period for 113 

achieving thermal equilibrium. Similarly, each test sample was allowed to heat and homogenize 114 

for 7 min inside the combustion chamber to minimize thermal and mixture stratifications. The 115 

combustion chamber was vacuumed after each test to avoid test-to-test contamination.  116 

Compression temperatures were swept from approximately 675 K to 1030 K by varying the initial 117 

temperature from 300 K to 373 K and by changing the composition of the dilution gas (pure 118 

nitrogen, or 25% nitrogen + 75% argon). The measured compression pressure was kept constant 119 

at 21 bar ± 1.0 bar for all the tests. The compression temperature was calculated based on the 120 

measured pressure signal and the composition of the mixture using an adiabatic core model [29]. 121 

At each condition, the test was conducted twice to ensure the experimental repeatability. 122 

First-stage and second-stage (main) ignition delays were defined as the time from the end of 123 

compression to their associated maximum pressure rise rate. The end of compression was based 124 

on the time of peak pressure for a non-reactive undoped mixture, as explained in [18]. This 125 

approach is required for conditions where heat is released during the compression process, as 126 

happens in many of the conditions of this study. Note that, based on the previous definition of the 127 

ignition delay, negative ignition times are possible if the mixture autoignites before the end of 128 

compression. This is analogous to engine combustion phasings before top dead center. 129 

2.2. Chemical kinetic simulations 130 

ANSYS CHEMKIN-PRO is the software used for the chemical-kinetics simulations and analyses. 131 

A 0-D closed adiabatic homogeneous reactor was used to replicate the RCM experiments. The 132 

                                                           
1 For 3.0%vol EHN experiments, the tank was heated to 50°C to ensure EHN vaporization. 



adiabatic core hypothesis, that is widely used for RCM 0-D simulations [18], [30]–[33], was used 133 

in this work. The experimentally measured pressure signal under non-reacting conditions was 134 

used to characterize the wall heat losses of the RCM by defining a hypothetical volume profile. 135 

The volume profile represents the volume of an adiabatic gas core in the combustion chamber 136 

during the whole period including the compression process, and it was imposed as a time-varying 137 

boundary condition in the simulations along with the experimental temperature and pressure at 138 

the start of compression. This way, the simulations incorporated the chemical reactions that may 139 

occur during the compression process. Also, the experimental uncertainties was primarily caused 140 

by piston trajectory measurement error [18] so a correction was made by moderately adjusting 141 

the initial temperature and pressure of the simulations to achieve numerical compressed 142 

thermodynamic conditions consistent with those of the experiments. Iterations were made to keep 143 

the error in temperature after the compression within ± 5 K with the experimental result. 144 

Two different chemical kinetic mechanisms were used during the simulations in this study. First, 145 

the Lawrence Livermore National Laboratory (LLNL) Co-Optima 2020 detailed mechanism for 146 

gasoline surrogates [22], which consists of 4164 species and 18636 reactions, was chosen and 147 

it is, to the best of our knowledge, one of the most state-of-the-art mechanisms for gasoline-like 148 

fuels available. Second, a reduced mechanism for PRF mixtures was developed by Sandia 149 

National Laboratories (SNL) to allow reasonably reduced computational cost for chemical 150 

sensitivity analyses. This PRF mechanism was generated by reducing the LLNL Co-Optima 2020 151 

mechanism based on a large set of ignition delay times of PRF0, 25, 50, 75 and 100. Ignition 152 

delays were obtained from closed adiabatic homogeneous constant-volume reactor simulations 153 

with variations in pressure from 30 to 75 bar, in oxygen content of 15% and 21%, in equivalence 154 

ratio from 0.3 to 5.0 and in temperature from 530 K to 1100 K, respectively. For reduction of the 155 

detailed mechanism, Direct Relation Graph (DRG) [34] method was applied, targeting the fuel’s 156 

ignition delay with a relative tolerance of 15%. The following species were included in the initial 157 

set of species of the DRG method: n-heptane and iso-octane (fuels), O2, N2, CO2 and H2O (main 158 



reactants and products), NO and NO2 (for NOx chemistry), C2H2 (soot precursor) and OH in both 159 

excited and ground states (for combustion diagnosis). During the method, the chemistry of ethanol 160 

and EHN ethanolysis [21] were not considered. The mechanism obtained from this procedure 161 

consists of 1163 species and 6415 reactions. This mechanism was further reduced to 753 species 162 

and 4223 reactions by using the Direct Relation Graph with Error Propagation (DRGEP) method 163 

[35] with the same target and initial set of species described above. Finally, the DRGEP + 164 

sensitivity analysis + optimization method was applied [36]. Sensitivity analyses were performed 165 

to identify the reactions to be optimized, with a maximum number of optimized reactions equals 166 

to 30 (i.e., 30 the most sensitive reactions to ignition delay were optimized) and allowing 167 

adjustments of only pre-exponential coefficients of each Arrhenius expression which defines the 168 

specific reaction rate. As the result of this step, the final version PRF mechanism is composed by 169 

248 species and 1428 reactions. The PRF mechanism was evaluated by comparing against the 170 

well-validated detailed mechanism from LLNL, and results are shown in Appendix A. Moreover, 171 

the PRF mechanism was further validated against the RCM experiments of this study, as will be 172 

shown in the following section. 173 

The EHN sub-mechanism proposed by Lopez-Pintor and Dec [21] was used in this investigation. 174 

This sub-mechanism consists of 38 species and 33 reactions, including reactions regarding EHN 175 

thermal unimolecular decomposition, EHN decomposition by radical attack and EHN ethanolysis. 176 

In this study, the sub-mechanism was integrated into the LLNL Co-Optima 2020 mechanism as 177 

explained in [21]. For the integration of the EHN sub-mechanism into the reduced PRF 178 

mechanism, EHN ethanolysis reactions were discarded due to the absence of ethanol chemistry 179 

in the PRF mechanism. This simplification is highly unlikely to affect the simulation accuracy of 180 

EHN-doped PRFs. 181 

To understand the impact of doping EHN to fuel, EHN effectiveness is defined as the ratio 182 

between the main ignition delay of straight fuel and EHN-doped fuel, as the follow: 183 



𝐸𝐸𝐸𝐸𝐸𝐸 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝜂𝜂) =  
𝜏𝜏𝑛𝑛𝑛𝑛 𝐸𝐸𝐸𝐸𝐸𝐸

𝜏𝜏𝐸𝐸𝐸𝐸𝐸𝐸
     (1) 184 

where 𝜏𝜏 is ignition delay. 185 

Sensitivity analyses were performed at four different temperatures: 600 K, 725 K, 850 K and 975 186 

K, which represent the low-temperature, cold-side of NTC, hot-end of NTC and high-temperature 187 

autoignition regimes, respectively; and at four EHN doping levels: 0%vol, 0.1%vol, 1.0%vol and 188 

3.0%vol; for PRF91 at equivalence ratio 0.72 and 15% O2, which aligned with the conditions of the 189 

RCM experiments. Simulations were carried out in 0-D closed adiabatic constant-volume 190 

reactors. Here, two different sensitivity analyses were performed. First, the sensitivity coefficients 191 

for the ignition delay were calculated at the time of ignition as follows: 192 

𝑆𝑆𝑖𝑖 = −
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     (2) 193 

where 𝑆𝑆𝑖𝑖 is the ignition delay sensitivity coefficient of reaction 𝑖𝑖, 𝑇𝑇 is temperature, while 𝐴𝐴𝑖𝑖 194 

represents the pre-exponential factor. The minus sign in equation 2 is used so that the positive 𝑆𝑆𝑖𝑖 195 

values means reaction 𝑖𝑖 increases the autoignition reactivity of the fuel (i.e., shortens the ignition 196 

delay). This definition may or may not be conventional, but was applied by considering negative 197 

correlation between changes in temperature and ignition delay. The partial derivative of 198 

temperature in the equation corresponds to the temperature sensitivity to the pre-exponential 199 

factor 𝐴𝐴𝑖𝑖. Given that the temperature rise is uniquely caused by the ignition event, 𝐴𝐴𝑖𝑖  is believed 200 

to be proportional to ignition delay sensitivity at the time of ignition. Sensitivity coefficients were 201 

normalized by the initial temperature of the simulation (𝑇𝑇0) to avoid any bias due to different initial 202 

conditions. 203 

Second, sensitivity coefficients for the EHN effectiveness (enhancement effect) on fuel’s reactivity 204 

were calculated as follows: 205 

𝑅𝑅𝑖𝑖 =  
𝐴𝐴𝑖𝑖
𝜂𝜂
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= 𝑆𝑆𝑖𝑖,𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑆𝑆𝑖𝑖,𝑛𝑛𝑛𝑛  𝐸𝐸𝐸𝐸𝐸𝐸    (3) 206 



where 𝑅𝑅𝑖𝑖 is the EHN sensitivity coefficient of reaction 𝑖𝑖, 𝜂𝜂 is the EHN effectiveness and 𝑆𝑆𝑖𝑖 is the 207 

ignition delay sensitivity coefficient of reaction 𝑖𝑖 as defined by equation 2. 208 

3. Results  209 

3.1. RCM experiments and simulations 210 

Experiments with straight PRF91 (with no EHN) were used to evaluate the accuracy of the two 211 

mechanisms described previously. Figure 1 shows logarithmic-scaled first-stage ignition delay (a) 212 

and main ignition delay (b) from the RCM experiment (solid line), simulation with the detailed 213 

mechanism (dashed line) and simulation with the reduced mechanism (dotted line). Simulations 214 

over-estimate the first-stage ignition delay for the hot-end of the NTC zone (T > 780 K). However, 215 

the overall trends are decently replicated by the simulations and both the detailed and the reduced 216 

mechanisms show consistent results. 217 

 218 

Figure 1. First-stage ignition delay (a) and main ignition delay (b) vs. inverse compressed temperature for 219 
experiment (solid line), simulation using detailed mechanism (dashed line), and simulation using reduced 220 

mechanism (dotted line). 221 

Figure 2 plots the experimental first-stage ignition delay (a) and main ignition delay (b) for four 222 

different doping levels of EHN from 0%vol to 3.0%vol. The log-modulus transformation (𝑦𝑦 =223 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜏𝜏) ∙ 𝑙𝑙𝑙𝑙𝑙𝑙(1 + |𝜏𝜏|)) is used to plot negative ignition delay values in logarithmic scale. The 224 

experiment shows that the ignition delay decreases as the fuel-EHN doping level increases. The 225 

NTC zone of the fuel shifts to lower temperatures as the fuel doping level increases. However, 226 

the effect of the doping level of EHN on the ignition is highly non-linear. Both ignition delays rapidly 227 



decrease when the EHN doping level increases from 0%vol (straight fuel) to 0.1%vol, whereas the 228 

reactivity enhancement becomes insignificant for higher EHN doping values. This suggest that 229 

the EHN effect on fuel’s reactivity is saturated at a certain EHN doping level. This result agrees 230 

with those of previous investigations in RCMs and ACI engines [9], [12], [18], [37].  231 

 232 

Figure 2. First-stage ignition delay (a) and main ignition delay (b) vs. compression temperature for the 233 
RCM experiments using four different EHN doping levels: 0%vol (black), 0.1%vol (blue), 1.0%vol (green) and 234 

3.0%vol (red). 235 

Figures 3 and 4 show the first-stage ignition delay and the main ignition delay, respectively, for 236 

the data shown in Figure 2. Results of the RCM experiment and the corresponding numerical 237 

simulation are presented. Although plots for both mechanisms in Figure 3 show slight 238 

discrepancies at high temperature regime (800 K to 950 K) in first-stage ignition delay, but both 239 

the detailed and the reduced mechanisms show reasonably good accuracy in reproducing the 240 

experimental trends in first-stage ignition delay. The simulation results with both mechanisms 241 

showed excellent behavior for predicting the main ignition delay as shown in Figure 4. Importantly, 242 

the reduced mechanism exhibits a remarkable performance to follow the detailed mechanism in 243 

all cases.  244 



245 

 246 
Figure 3. First-stage ignition delay vs. compression temperature for experiment and simulations using four 247 

EHN doping levels: 0%vol (black), 0.1%vol (blue), 1.0%vol (green) and 3.0%vol (red). 248 

249 

 250 
Figure 4. Main ignition delay vs. compression temperature for experiment and simulations using four EHN 251 

doping levels: 0%vol (black), 0.1%vol (blue), 1.0%vol (green) and 3.0%vol (red). 252 



Figure 5 shows the EHN effectiveness at different doping level of EHN in the experiments and 253 

simulations. Negative and close-to-zero ignition delay times were obtained during this 254 

investigation due to the remarkable enhancement of fuel reactivity by EHN, so the calculated 255 

effectiveness could be misleading and counterintuitive when the ignition delays are not referenced 256 

to earlier timings. Therefore, the ignition delay values for the calculation of the results shown in 257 

Figure 5 are referenced to the start of the compression process instead of to the end of 258 

compression. The higher the EHN effectiveness, the higher the impact of EHN on the fuel’s 259 

ignition delay, so EHN effectiveness values close to 1 mean that EHN has less advantage on the 260 

reactivity enhancement. As indicated earlier, a non-linearity of the effect was found: the increase 261 

in EHN effectiveness when increasing EHN dosage from 1.0%vol to 3.0%vol is not as high as 262 

when the EHN dosage is increased from 0.1%vol to 1.0%vol. This suggests that the effect of EHN 263 

may saturate at a given dosing level, so that autoignition reactivity of the fuel does not benefit 264 

from higher EHN concentrations than a certain threshold EHN level.  265 

 266 

Figure 5. EHN effectiveness for experiments and simulations using different EHN doping levels. 267 

The greatest limitation in the EHN effect is observed at the transition between the low-temperature 268 

regime and the NTC regime. The EHN effectiveness rapidly increases (i.e., the EHN effect on 269 



reactivity becomes more pronounced) as the temperature increases, up to the maximum value in 270 

NTC regime temperature. This is because EHN shifts the NTC zone of the fuel to lower 271 

temperatures as previously discussed (see Figure 2). Therefore, the transition from NTC to the 272 

high-temperature regime occurs at lower temperatures for EHN-doped fuel compared to the 273 

straight fuel, leading to a more pronounced EHN effect. The EHN effectiveness decreases in the 274 

high-temperature regime, which is in good agreement with the numerical results shown in [21]. 275 

This is because EHN primarily acts on the low-temperature chemistry of the fuel, so the effect at 276 

high temperatures (above 1000 K) is marginal. Unfortunately, there is no sophisticated 277 

experimental investigation on the EHN effectiveness during the low-temperature regime 278 

(temperature lower than 650 K). However, results presented in [21] suggest that the EHN 279 

mechanism accurately reproduces the low-temperature chemistry of EHN-doped n-heptane as 280 

measured in a shock tube, giving confidence on the ability of the mechanism to perform analyses 281 

at conditions in the low-temperature regime. According to the results presented in [21], EHN is 282 

very effective in enhancing reactivity at low temperatures because OH radicals are generated at 283 

early phase during ignition process, accelerating the low-temperature chemistry. 284 

3.2. Sensitivity analyses 285 

Sensitivity analyses were conducted by identifying the reactions that are most sensitive to the 286 

EHN doping and alters ignition delay significantly. For the analyses, sensitivity coefficients 287 

described in equations 2 (𝑆𝑆𝑖𝑖) and 3 (𝑅𝑅𝑖𝑖) for all the reactions included in the reduced mechanism 288 

were obtained. The reactions are classified according to their reaction class and the results are 289 

discussed in this section. Sensitivity analyses with the detailed mechanism were not performed 290 

due to substantial computational cost. 291 

3.2.1. Sensitivity to ignition delay 292 

Figure 6 shows the normalized sensitivity coefficients of ignition delay for straight PRF91 (left) 293 

and for PRF91 doped with 1.0%vol of EHN (right) at four different temperatures that represent 294 



different ignition regimes: 600 K (low-temperature regime), 725 K (cold-side of NTC regime), 850 295 

K (hot-end of NTC regime) and 975 K (high-temperature regime). In the figure, reactions are 296 

sorted according to their reaction class. Dehydrogenation of iso-octane and n-heptane by OH 297 

attack are considered separately from other hydrogen abstraction reactions to better evaluate the 298 

impact of EHN on fuel-OH reactions, because EHN forms OH radicals when it decomposes. A 299 

positive sensitivity coefficient value indicates that that the reaction tends to increase the reactivity 300 

of the fuel (i.e., decrease the ignition delay) and vice versa. For better clarity, the temperature 301 

regimes shown in Figure 6 are discussed separately. At a given temperature regime, the results 302 

of the sensitivity analyses are first discussed for straight fuel. For EHN-doped fuel, only the 303 

differences compared to the straight fuel are discussed. It should be mentioned that similar results 304 

were obtained regardless of the EHN doping level.  305 

Low-temperature regime (600 K) 306 

• Straight fuel: 307 

For the low-temperature regime, the ignition delay is very sensitive to fuel dehydrogenation by 308 

OH attack, which is the key initiation reaction for fuel decomposition. The increased rate of 309 

production (ROP) of IC8-5R radical decreases the ignition delay (positive sensitivity coefficient), 310 

whereas the higher ROP of IC8-4R increases the ignition delay (negative sensitivity coefficient). 311 

This is because IC8-5R generates ketones + OH radicals that promote the low-temperature chain 312 

branching mechanism (see the first two reactions of the OH formation group). On the other hand, 313 

IC8-4R leads to long, branched and stable olefins that tend to reduce the reactivity, eventually 314 

causing the NTC behavior of the fuel.  315 

The ignition delay also shows high sensitivity to isomerization reactions that involve the formation 316 

of ROOH radicals from ROO species and to O2 addition reactions that involve the formation of 317 

OOROOH species from ROOH radicals. Both isomerization and O2 addition reactions have 318 

positive ignition delay sensitivity coefficients, which means that the low-temperature chain 319 



branching mechanism accelerates if these reactions are enhanced. Interestingly, HO2 elimination 320 

shows a high negative sensitivity coefficient because ROO radicals formed from IC8-4R lead, via 321 

HO2 elimination, to long, branched and stable olefins, which tend to decrease the overall reactivity 322 

of the mixture. Finally, the ignition delay is also sensitive to the reactions that contribute to 323 

formation of OH radicals, which act as chain carriers and promote the fuel decomposition via the 324 

low-temperature chain branching mechanism.   325 
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Figure 6. Sensitivity coefficients of ignition delay for straight PRF91 (left) and for PRF91 doped with 327 
1.0%vol of EHN (right) at different temperatures. Reactions are sorted according to their reaction class. 328 

 329 

• EHN-doped fuel: 330 



The most notable thing is that the reactions related to EHN thermal decomposition have high and 331 

positive sensitivity coefficients at these low temperatures. It was shown that the higher the EHN 332 

doping level, the more sensitive the ignition delay was to this reaction. The ignition delay of EHN-333 

doped fuel is less sensitive to OH formation reactions than straight fuel because EHN generates 334 

OH when it decomposes and, therefore, the autoignition process of EHN-doped fuel is less 335 

dependent of the OH radicals generated via the low-temperature chain branching mechanism of 336 

the fuel. Fuel dehydrogenation by OH attack are the most relevant reactions at this condition, 337 

since EHN acts on the fuel via OH chemistry.  338 

Reactions that are important at the cold-side of the NTC regime (725 K) such as H2O2 formation, 339 

H2O2 decomposition and radical recombination are not as significant for the straight fuel at low 340 

temperature regime, where as those become important when the fuel is doped because EHN 341 

shifts the NTC zone to lower temperatures, as shown experimentally in Figures 2-4. 342 

Cold-side of NTC regime (725 K) 343 

• Straight fuel: 344 

At the cold-side of the NTC regime, the ignition delay becomes less sensitive to the reactions that 345 

control the low-temperature chain branching mechanism: fuel dehydrogenation by OH, O2 346 

addition, isomerization, and HO2 elimination reactions. Among all these reaction classes, the most 347 

distinctive change in the ignition delay is the significantly low sensitivity to ROO isomerization, 348 

and this is attributable to fast isomerization that does not cause a bottleneck for the ignition 349 

process at this temperature. Interestingly, two OH formation reactions that consist of the 350 

generation of OH and cyclo-ethers from ROOH radicals, exhibit large negative sensitivity 351 

coefficients becasue these cyclo-ethers are very stable and tend to decrease the reactivity of the 352 

mixture. H2O2 formation and, especially, H2O2 decomposition become the most impactful 353 

reactions during the NTC regime. When H2O2 decomposes, each mole of H2O2 generates two 354 

moles of OH that rapidly oxidize the intermediate hydrocarbon species to CO and trigger the main 355 



ignition. Radical recombination and H abstraction reactions, which involve short-chain, partially-356 

oxidized hydrocarbons formed during the intermediate-temperature stage of the ignition, also 357 

become more relevant at this condition. 358 

• EHN-doped fuel: 359 

Although EHN is added, the ignition delay is not sensitive to EHN thermal decomposition for 360 

temperatures higher than or equal to 725 K unlike in low-temperature regime. The decomposition 361 

is very fast for temperatures above 700 K range and, therefore, the reaction is not a bottleneck 362 

for the ignition process in this condition.  363 

Hot-end of NTC regime (850 K) 364 

For the hot-end of the NTC regime, the ignition delay becomes less sensitive to the reactions 365 

related to the low-temperature chain branching mechanism. As explained before, H2O2 chemistry 366 

controls the ignition during the NTC regime. Interestingly, fuel dehydrogenation reactions that 367 

involve HO2 are almost as relevant as those that involve OH, presumably because HO2 formation 368 

is promoted at these temperatures. 369 

High-temperature regime (975 K) 370 

• Straight fuel: 371 

During the high-temperature regime, the ignition delay is no longer sensitive to low-temperature 372 

reactions. Notably, the ignition delay becomes sensitive to OH formation reactions that involve 373 

short, partially-oxidized hydrocarbons. The ignition delay is also sensitive to fuel dehydrogenation 374 

reactions that involve HO2 and CH3O2 radicals, whereas H2O2 formation and decomposition are 375 

the two most important reactions for the ignition delay. Finally, the ignition delay becomes 376 

sensitive to unimolecular decomposition reactions that require high temperatures to occur. 377 

• EHN-doped fuel: 378 

The ignition delay of EHN-doped fuel is very sensitive to the NOx chemistry, conversion of NO2 to 379 

NO at this condition. Results for other EHN concentrations show that the higher the EHN doping 380 



level, the more sensitive the ignition delay is to this reaction. Thermal decomposition of EHN 381 

generates NO2, but has a marginal effect on the fuel’s ignition delay. However, the ignition delay 382 

is very sensitive to the reaction CH3 + NO2 = CH3O + NO because it transforms the NO2 generated 383 

by EHN into NO, and NO is a well-known reactivity enhancer as it generates OH radicals early in 384 

the ignition process. 385 

3.2.2. Sensitivity to EHN effectiveness 386 

This section presents the analysis on EHN effectiveness sensitivity that identifies which reactions 387 

the EHN effectiveness is more sensitive to. It should be noted that a reaction to which the ignition 388 

delay is not sensitive may still be highly relevant for the EHN effectiveness. Thus, reactions that 389 

were not identified in the previous analysis but can be important for EHN chemistry will be 390 

identified in this section.  391 

Figure 7 shows normalized sensitivity coefficients of EHN effectiveness, as defined by equation 392 

3, for PRF91 doped with 1.0%vol EHN at four different temperatures. Similar to Figure 6, the 393 

reactions are sorted by the class. A positive sensitivity coefficient means that the reaction tends 394 

to increase the EHN effectiveness, increasing the impact of EHN on the fuel’s ignition delay, and 395 

vice versa. 396 
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Figure 7.  Sensitivity coefficients of EHN effectiveness for PRF91 doped with 1.0%vol of EHN at different 398 
temperatures. Reactions are sorted according to their reaction class. 399 

Low temperature regime (600 K) 400 

For the low-temperature regime, the EHN effectiveness is mainly controlled by EHN thermal 401 

decomposition, which is the bottleneck for EHN chemistry at this temperature. The EHN 402 

effectiveness is very positive-sensitive to fuel dehydrogenation by OH attack because EHN 403 

enhances the reactivity of the fuel primarily by generating OH radicals at early ignition process. 404 

OH formation reactions from the low-temperature chain branching mechanism show negative 405 

sensitivity coefficients and, therefore, are detrimental to the EHN effect. Reactions that are 406 

important at intermediate temperatures, such as H2O2 formation/decomposition, radical 407 

recombination and H abstraction of short intermediate hydrocarbons, are also relevant for the 408 

EHN effectiveness at low temperatures because adding EHN shifts the NTC zone of the fuel to 409 

lower temperatures. 410 

Cold-side of NTC regime (725 K) 411 



At the cold-side of the NTC regime, the EHN effectiveness is not sensitive to the EHN thermal 412 

decomposition reaction because the ambient temperature is high enough to rapidly decompose 413 

the EHN. Intermediate temperature reactions become very relevant and are the main controllers 414 

for the effectiveness at this condition. Interestingly, the EHN effectiveness becomes sensitive to 415 

the collisional recombination of atomic hydrogen via H + O2 = HO2, and shows a negative 416 

sensitivity coefficient. This recombination reaction acts as a sink of H radicals so tends to 417 

decrease the reactivity, and it tends to decrease the reactivity more for EHN-doped fuel than for 418 

straight fuel, decreasing the EHN effectiveness. This behavior is thought to be caused by the 419 

radicals generated by EHN, which accelerate the transition to intermediate-temperature chemistry 420 

where H recombination, HO2 chemistry and H2O2 chemistry dominates. The ignition delay is not 421 

very sensitive to the H recombination reaction. 422 

The figure shows high sensitivity to NOx chemistry at this condition. As explained above, the 423 

thermal decomposition of EHN generates NO2, which marginally affect the reactivity. However, 424 

there are several generative reactions for other NOx species such as NO that significantly affect 425 

the reactivity leading to the high sensitivity of the EHN effectiveness. 426 

Hot-end of NTC regime (850 K) 427 

Under the hot-end of the NTC regime, the EHN effectiveness becomes less sensitive to 428 

intermediate temperature chemistry. However, H2O2 decomposition is still the most impactful 429 

reaction. The effectiveness is shown being sensitive to ethylhexyloxy radical (EHO) 430 

decomposition at this condition. This is because EHO generates either 3-heptyl radicals (that 431 

eventually form OH radicals through the n-heptane low-temperature chain branching reactions) 432 

or butyl radicals (that eventually form OH and CH3 radicals), and butyl radical is a more effective 433 

reactivity enhancer than 3-heptyl radical. Therefore, the reaction associated with EHO to butyl 434 

radical shows a positive sensitivity coefficient and tends to increase the EHN effectiveness, 435 

whereas the radical reaction of EHO to 3-heptyl shows a negative value and decrease the 436 



effectiveness. Collisional recombination of atomic hydrogen and NOx chemistry are also relevant 437 

reactions for the effectiveness at this condition, as previously discussed for the cold-side of the 438 

NTC regime. 439 

High-temperature regime (975 K) 440 

For the high-temperature regime, the EHN effectiveness is most sensitive to NOx chemistry, more 441 

specifically, to NO formation from NO2 via CH3. This reaction shows the greatest positive 442 

sensitivity coefficient and, therefore, increase the EHN effectiveness. It is attributed to 443 

transformation of NO2, which is generated by EHN but not an effective ignition improver, to a very 444 

well-known strong ignition enhancer, NO [38]. Thus, if NO2-to-NO reactions are promoted, the 445 

effect of EHN on fuel’s reactivity is enhanced and the EHN effectiveness increase. Because the 446 

unimolecular decomposition reactions involve CH3, the EHN effectiveness become dependent to 447 

such reactions at this condition. 448 

4. Conclusions 449 

A numerical and experimental investigation about the chemical kinetic interactions between EHN 450 

and PRF91 was performed in this study. Experiments carried out in the ANL RCM were used to 451 

investigate the effect of EHN on the autoignition reactivity of the fuel and to validate two chemical 452 

kinetic mechanisms, a detailed mechanism from LLNL and a SNL-developed reduced 453 

mechanism, which were combined with an EHN sub-model to allow EHN-fuel chemistry studies. 454 

Finally, to better understand the chemistry of EHN-doped fuel and to identify the impactful 455 

reactions for controlling the interaction between EHN and the fuel, sensitivities to ignition delay 456 

and EHN effectiveness were analyzed with the reduced mechanism. The summary of this work 457 

is the following conclusions: 458 

• RCM experiments show that the ignition delay decreases as more EHN is doped to the 459 

base fuel (PRF91). However, the effect of the doping level of EHN on the ignition is highly 460 



non-linear, suggesting that the EHN effect on fuel’s reactivity might be saturated at a 461 

certain doping level.  462 

• The LLNL detailed mechanism shows an excellent agreement with the RCM experiments 463 

for straight PRF91, and remarkable matching results are also obtained with SNL reduced 464 

mechanism. The combination of these mechanisms with the EHN sub-model also shows 465 

a reasonably good agreement with the experiments with EHN-doped fuel, properly 466 

capturing the EHN enhancing effect on the autoignition reactivity of the fuel across a range 467 

of temperature and doping levels. It is expected that developed reduced mechanism will 468 

play a significant role in reducing computational cost while holding a good accuracy for 469 

multi-dimensional simulations. 470 

• RCM experiments show that the lowest EHN effectiveness locates near the temperature 471 

at which the condition transitions from low-temperature to NTC regime. The effectiveness 472 

rapidly increases as the temperature increases before the hot-end of NTC regime. This 473 

behavior comes from that EHN shifts the NTC zone to lower temperatures. Finally, the 474 

EHN effectiveness decreases again when temperature increases to the hot-temperature 475 

regime, because EHN has limited effect on intermediate- and high-temperature chemistry 476 

of the fuel. 477 

• Sensitivity analyses show that the ignition delay is overwhelmingly sensitive to EHN 478 

thermal decomposition at low temperatures. Particularly at low temperatures, the ignition 479 

delay of EHN-doped fuel is more sensitive to intermediate temperature chemistry than that 480 

of straight fuel, because EHN shifts the NTC zone to lower temperatures. The ignition 481 

delay of EHN-doped fuel showed less dependency to fuel-generated OH radicals, due to 482 

the OH generation from EHN decomposition. The ignition delay of EHN-doped fuel is 483 

shown to be very sensitive to NO2-to-NO reactions at high-temperature conditions by 484 

presence of NO which significantly enhances the ignition whereas NO2 barely affects. 485 
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ACI Advanced Compression Ignition 
AMFI Additive-Mixing Fuel Injection 
ANL Argonne National Laboratory 

DRG Directed Relation Graph 
DRGEP Directed Relation Graph with Error Propagation 

EHN 2-ethylhexylnitrate 
EHO 2-ethylhexyloxy radical 
HCCI Homogeneous charge compression ignition 
LLNL Lawrence Livermore National Laboratory 
LTGC Low temperature gasoline compression-ignition 

NTC Negative temperature coefficient 
PRF Primary reference fuels 

RCCI Reactivity Controlled Compression Ignition 
RCM Rapid compression machine 
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SNL Sandia National Laboratories 
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 623 

Appendix A. Evaluation of the reduced PRF mechanism  624 

Figures A1-4 show the ignition delay obtained in a 0D closed adiabatic constant-volume reactor 625 
with the detailed mechanism and with the reduced mechanism for PRF0, PRF40, PRF60 and 626 
PRF100, respectively. Simulations were performed at wide ranges of pressure and temperature 627 
for equivalence ratio 0.4 and 21% O2. In general, the reduced mechanism shows a reasonably 628 
good agreement with the detailed mechanism; between mechanisms, the largest deviation of 629 
ignition delay is 71%, and the average of deviation is 10%. 630 

 631 

Figure A1. Ignition delay of PRF0 (n-heptane) for equivalence ratio 0.4 and 21% O2 at several 632 
temperatures and pressures. 633 



 634 

Figure A2. Ignition delay of PRF40 (40%vol iso-octane + 60%vol n-heptane) for equivalence ratio 0.4 and 635 
21% O2 at several temperatures and pressures. 636 

 637 

Figure A3. Ignition delay of PRF60 (60%vol iso-octane + 40%vol n-heptane) for equivalence ratio 0.4 and 638 
21% O2 at several temperatures and pressures. 639 



 640 

Figure A4. Ignition delay of PRF1000 (iso-octane) for equivalence ratio 0.4 and 21% O2 at several 641 
temperatures and pressures. 642 
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