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Abstract 6 

In this study, the effects of doping a regular E10 gasoline with 2-ethlyhexyl nitrate (EHN) are 7 

investigated under homogeneous charge compression ignition conditions. Experiments are 8 

performed in a 1-liter single-cylinder engine fueled with both straight and EHN-doped E10 9 

gasoline. Numerical studies are performed with an internal combustion engine single-zone reactor 10 

utilizing detailed chemical kinetic mechanism with EHN and NOx chemistry and a surrogate fuel. 11 

The kinetic model reproduces the experimental data well for the straight fuel at high initial 12 

temperature (TBDC) conditions, whereas the low temperature heat release (LTHR) is under-13 

predicted. Adding EHN reduces the required TBDC, while EHN thermal decomposition rate has to 14 

be significantly reduced to accurately reproduce the experimental result, by preventing over-15 

estimation of EHN effect and LTHR. EHN decomposition generates NO2 and 3-heptyl radicals. 16 

Using the well-matched mechanism, the numerical results indicate that among the product of EHN 17 

decomposition, NO2 decreases the autoignition reactivity whereas the production of 3-heptyl 18 

radical is the main source for enhancing the low-to-intermediate chemistry by which OH 19 

production is accelerated. The production of 3-heptyl radical is highly sensitive to the EHN 20 

decomposition reactions. Despite the reactivity enhancement, increase in NOx emission is 21 

observed when the fuel-doping increases. 22 
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Introduction 26 

Homogeneous charge compression ignition (HCCI), as well as other low temperature combustion 27 

(LTC) strategies, can be implemented in an engine providing high thermal efficiencies and ultra-28 

low emissions of NOX and particulate matter [1], [2]. Despite these advantages, there are several 29 

technical challenges to overcome before realization of a production HCCI engine. These include: 30 

1) controlling the combustion phasing, 2) obtaining high thermal and combustion efficiencies at 31 

low loads, 3) extending the operating map to high loads, and 4) appropriate fuel selection and 32 

specification [1]. Research and development has led to substantial progress in understanding the 33 

fundamentals and how various strategies can be employed to address these challenges, but 34 

further work remains. In particular, the effects of fuel properties on the combustion performance 35 

and emissions of HCCI engines have been widely studied with researchers continuing to 36 

investigate which fuel properties best enable LTC.  37 

Among all, gasoline is considered a suitable fuel for HCCI combustion due to its high volatility and 38 

easy vaporization, which enhances the mixture formation [3]. However, at naturally aspirated 39 

conditions and typical compression ratios, the compression heating from the piston motion is not 40 

sufficient to ignite the charge without heating the intake air or retaining hot residuals. This 41 

challenge can be overcome by enhancing the gasoline reactivity by highly boosting the intake 42 

pressure (Pin > 200 kPa) [1], [4]–[8].  At these conditions, gasoline exhibits a two-stage ignition 43 

pattern, leading to a smoother HRR and improved combustion stability, allowing for higher loads 44 

without knocking [6]–[8]. However, substantial amounts of hot residuals or high intake 45 

temperatures (Tin) are still required for low-to-medium intake pressures. This leads to lower 46 

charge densities than those found in conventional engines, limiting the maximum engine load at 47 

a given intake pressure. Moreover, intake air heaters or valve timing strategies to supply sufficient 48 

heat add complexity and cost to the engine, which may act as a barrier to production. Although 49 



these problems can be substantially reduced using a low-octane gasoline, as discussed by Dec 50 

et al. [9], such a gasoline is not readily available in the market.  51 

An alternative to using a low octane gasoline is to dope the fuel with an additive that increases 52 

the autoignition reactivity. One well-known additive is 2-ethylhexyl nitrate (EHN), often used to 53 

increase the cetane number of diesel fuel [10]–[12] and that has been extensively used to improve 54 

diesel engine performance [13]–[17]. Several researchers have shown that EHN has a similar 55 

reactivity enhancement effect to fuels in HCCI-like engines [9], [10], [18], [19]. Reitz and co-56 

workers [20]–[22] found that EHN can enhance the reactivity of high octane number fuels such 57 

as gasoline, E10, ethanol, and methanol. Hosseini et al. [23] showed that small amount of EHN 58 

can advance the LTHR when a doped low-cetane fuel derived from oil sands was tested in a 59 

single-cylinder Cooperative Fuel Research engine. Ji et al. [24] also found that the autoignition 60 

reactivity of regular-grade E10 gasoline could be enhanced by adding EHN under HCCI-like 61 

conditions. At naturally aspirated conditions, the enhanced reactivity allowed significantly reduced 62 

intake temperature requirements while only using a very small additive concentration (<0.4%vol). 63 

This resulted in a much higher charge density and gross indicated mean effective pressure 64 

(IMEPg) compared to the straight fuel. They also found that the EHN doped gasoline underwent 65 

two-stage ignition at Pin = 100 kPa, whereas straight gasoline typically does not exhibit this 66 

behavior at this intake pressure. Even at a slightly boosted condition (Pin = 130 kPa), the EHN 67 

doping amplified the two-stage ignition process. This improved the combustion stability allowing 68 

a more retarded combustion phasing (CA50), contributing to a substantially increased high load 69 

limit (30% increase at Pin = 100 kPa and 22% increase at Pin = 130 kPa). NOx emissions increased 70 

proportionally to the concentration of the additive, with approximately 30% of the EHN nitrate 71 

group converted to NOx, consistent with the values reported by Dempsey [22] and Ickes [25]. 72 

Although EHN is commonly used as a cetane number improver, only a few investigations have 73 

been performed to understand the fundamentals of how EHN affects the autoignition chemistry. 74 



Tanaka et al. [26] used a rapid compression machine (RCM) to study the effect of EHN on the 75 

autoignition characteristics of several pure hydrocarbon species, of which the ignition were 76 

reduced when the fuels were doped. Goldsborough et al. [27] also used an RCM to perform an 77 

experimental and modeling study of two gasoline surrogates added with EHN. The simulations 78 

used a detailed chemical kinetic mechanism that included EHN and NOx sub-models, however 79 

the EHN chemistry in the models overestimated the reactivity enhancement compared to the 80 

experiments. Hartmann et al. [28] studied the ignition delay times, flame structure, and 81 

intermediate species of EHN-doped n-heptane/air mixtures in a shock tube and in a low-pressure 82 

burner. Simulations were performed to replicate the shock tube experiments using an n-heptane 83 

mechanism that was manually modified to include EHN chemistry. The authors found that 84 

formation of heptyl radicals during EHN’s thermal decomposition was the main source of the 85 

ignition enhancement of doped fuel. Almodovar and Goldsmith [29] also found an important 86 

chemical activity related to the 3-heptyl radical by measuring the decomposition kinetics of EHN 87 

in a shock tube in a recent study. Finally, Stein et al. [30] investigated the chemical effects of EHN 88 

on the autoignition behavior of surrogate diesel fuel mixtures in a flow reactor, proposing a 89 

phenomenological mechanism for EHN decomposition. As described, chemical kinetic studies on 90 

EHN were performed in RCMs, shock tubes or flow reactors, but investigations under HCCI-like 91 

engine conditions has not been reported yet in the literature. 92 

To understand how EHN enhances autoignition chemistry, several authors have proposed simple 93 

mechanisms to describe the chemical pathways that occur during the decomposition of EHN into 94 

formaldehyde (CH2O), NO2, and 3-heptyl (C7H15-3) radicals, and other minor species. Among 95 

these, CH2O does not seem to cause the ignition enhancement, since high CH2O concentrations 96 

(~1000 ppm) are required to have a noticeable effect on the ignition delay [29].  NO and NO2 97 

generated from EHN has generally been considered as the main species to enhance the 98 

reactivity; previous work has shown that even a few ppm of NOx can advance the combustion 99 



phasing under engine conditions [4], [31], [32]. However, recent studies [27], [28] suggest that the 100 

3-heptyl radical plays the key role in improving the ignition quality instead of NOx. Therefore, to 101 

better understand the actual mechanism of how EHN increases the autoignition reactivity, the role 102 

of NO2 and the 3-heptyl radical in the ignition process needs to be further investigated, particularly 103 

under HCCI operating conditions. 104 

In this study, effect of EHN doping to a full boiling range E10 gasoline is investigated in an HCCI 105 

engine. The main advantage of using an HCCI engine is that the evaluation of EHN-doped fuel is 106 

enabled under transient pressure-temperature (P-T) conditions. Residence time at each P-T 107 

during the compression stroke plays a significant role as the time available for the chemistry affect 108 

EHN’s impact on base fuel’s reactivity, so studies only using RCMs or shock tubes have some 109 

limitations. 110 

In the next section, the experimental setup is described in detail including the engine facility, data 111 

acquisition and analysis techniques, fuel/additive properties, and test conditions. This is followed 112 

by a description of the numerical approach, in which a gasoline surrogate fuel is proposed along 113 

with a detailed kinetic mechanism that contains EHN and NOx sub-models. Results are then 114 

presented in three sub-sections: 1) validation of the kinetic model, 2) experimental and numerical 115 

results showing the EHN reactivity enhancement, and 3) experimental and numerical analyses of 116 

NOx emissions. Finally, the main conclusions from this study are stated. 117 

Experimental Setup 118 

Engine Facility 119 

A single-cylinder engine modified for low-temperature gasoline combustion (LTGC) research was 120 

used in this investigation. This engine is derived from a Cummins B-series, six-cylinder, diesel 121 

engine, which is a typical medium-duty diesel engine with a displacement of 0.98 liters/cylinder, 122 

and had been converted for single-cylinder operation by deactivating cylinders 1-5, as shown in 123 

Fig. 1(a). Combustion analysis and modeling require low level of uncertainty when chemistry and 124 



ignition process studies are involved. Using multi-cylinder engine has an advantage of being close 125 

to practical when evaluating engine performance, however, the sources of the uncertainties can 126 

be spread and not limited to: different trapped mass per cylinder, boundary and initial conditions 127 

affected by cylinder-to-cylinder interactions. In addition, facility requirement for lowering 128 

uncertainty can be unrealistic. Therefore, it was decided to use a single-cylinder engine in this 129 

study. 130 

 131 

Figure 1. (a) Schematic of HCCI engine facility; (b) Combustion chamber geometry at top dead center 132 
(TDC) with the CR = 14:1 piston 133 

The compression ratio (CR) of the active cylinder can be modified by using custom pistons; a 134 

piston providing a CR = 14:1 was chosen for this study. This piston was designed to have an open 135 

combustion chamber with a quasi-hemispherical bowl and a large squish clearance, as shown in 136 

Fig .1(b). The main engine specifications are listed in Table 1. Further details about the engine 137 

facility configuration can be found in previous studies performed with gasoline [33]–[35] and low-138 

octane fuels [8], [36], [37] in the same facility. A premixed fueling system, which is shown at the 139 

b. a.b. a.



top of Fig. 1(a), was used to thoroughly mix the fuel and air prior to intake. A gasoline direct 140 

injection (GDI) fuel injector assembled to an electrically heated fuel-vaporizing chamber, and 141 

appropriate plumbing was used to ensure thorough premixing with the air. A positive displacement 142 

fuel flow meter (Max P002), with a reported accuracy of ±0.2%, was used to determine the amount 143 

of fuel supplied to the engine. 144 

Table 1. Engine specification and operating condition 145 

Displacement (per cylinder) 0.981 liters 
 Bore 102 mm 
 Stroke 120 mm 

Connecting rod length 192 mm 
Geometric compression ratio 14:1 
Number of valves 4 
IVO 0° CA aTDC1 
IVC 202° CA aTDC 
EVO 482° CA aTDC 
EVC 8° CA aTDC 
Swirl ratio 0.9 
Fueling system Fully premixed, GDI 
Engine speed 1200 rpm 
Intake pressure (abs.) 100 ~ 180 kPa 
Intake temperature 60 ~ 145°C 
Coolant/oil temperature 100°C 

 146 

Intake air was supplied by an air compressor and the moisture was removed using a dehumidifier.  147 

The airflow was precisely metered by a sonic nozzle with an uncertainty of ±0.25%. N2 and CO2 148 

were also introduced using sonic nozzles to provide synthetic EGR instead of reintroducing actual 149 

exhaust gases because species such as NOx, water, or partially oxidized hydrocarbons can affect 150 

the autoignition chemistry. The N2/CO2 blend ratio was adjusted to have the same specific heat 151 

capacity (Cp) as the complete stoichiometric products so that the thermodynamic effect of water 152 

was taken into account despite its absence.   153 

                                                           
1 0° CA is defined as TDC intake.  The valve-event timings correspond to 0.1 mm lift. 



An equivalence ratio based on the total charge-mass (𝜙𝜙𝑚𝑚) is used as the follows: 154 

𝜙𝜙𝑚𝑚 =  
(𝐹𝐹 𝐶𝐶⁄ )

(𝐹𝐹 𝐴𝐴⁄ )𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ
 Eq. 1 

where (𝐹𝐹 𝐶𝐶⁄ ) is the mass ratio between fuel and charge gas (i.e., air plus EGR), and (𝐹𝐹 𝐴𝐴⁄ )𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ 155 

is the stoichiometric fuel/air mass ratio for complete combustion. This provides a convenient and 156 

consistent way to compare data with the same supplied energy content per unit charge mass (i.e., 157 

the same dilution level) for operating conditions with different fuels and different EGR levels. It 158 

should be noted that 𝜙𝜙𝑚𝑚 coincides with the conventional air-based 𝜙𝜙 when no EGR is used.  159 

Moreover, the air-based 𝜙𝜙𝑚𝑚 is less than unity for all the operating points presented, so that no 160 

rich condition was achieved during the experiment. The overall uncertainty in 𝜙𝜙𝑚𝑚 is calculated as 161 

±0.32% based on the errors in air and fuel flow rate measurements. 162 

The intake pressure varied from 100 kPa to 180 kPa. Electrical heaters were installed on the 163 

cooling water and lubricating-oil circulation systems, the temperatures were set to 100°C for all 164 

testing conditions. In addition, the intake tank and plumbing were preheated to 50°C to avoid fuel 165 

condensation. An auxiliary heater mounted close to the engine provided precise control on the 166 

intake temperature, which could be controlled from 60°C to 310°C. All temperatures were 167 

measured with K-type thermocouples with an uncertainty of ±0.5°C.  Finally, all data were taken 168 

at an engine speed equal to 1200 rpm. 169 

Data Acquisition 170 

In-cylinder pressure was measured using a piezoelectric transducer AVL QC33C mounted in the 171 

cylinder head approximately 42 mm off-center. The pressure signal was digitized and recorded at 172 

0.25° crank angle (CA) increments for one hundred consecutive cycles. Zero-level correction for 173 

in-cylinder pressure was carried out by referencing to the intake pressure near bottom dead center 174 

(BDC) where the cylinder pressure was virtually constant for several degrees. Intake pressure 175 

was measured using a Taber M2911 bonded strain gage transducer, and exhaust pressures were 176 



measured using a Kistler 4075A piezo-resistive sensor coupled to a Kistler 7531 cooled switching 177 

adapter. BDC temperature before the compression stroke (𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵) was evaluated with procedure 178 

described in [34] for each operating point. Finally, 0°CA is defined as TDC intake in this study, so 179 

that TDC compression is at 360°CA.  This way, negative crank angles or notations using before 180 

top dead center (bTDC) or after top dead center (aTDC) are avoided for clarity. 181 

The CA of 50% burn point (CA50) was used to monitor the combustion phasing, whereas the CA 182 

of 10% burn point (CA10) was used as an indicator of high-temperature autoignition point. CA10 183 

and CA50 were determined from the cumulative apparent heat release rate (AHRR), computed 184 

from the cylinder pressure data after applying a 2.5 kHz low-pass filter [38]. The start of heat 185 

release is set at the minimum point of the AHRR curve before the main heat release peak. For a 186 

two-stage ignition case, this minimum point is located between the LTHR peak and main heat 187 

release peak. This method provides a consistent measurement to compare the CA10 and CA50 188 

of the main combustion event, excluding the effect of LTHR from the burn-duration calculation. 189 

Computations of CA10 and CA50 were performed for each individual cycle, disregarding heat 190 

transfer and assuming a constant specific heat ratio (𝛾𝛾 =  𝐶𝐶𝑝𝑝/𝐶𝐶𝑣𝑣). The HRR signal was computed 191 

from the 100-cycle averaged pressure trace (with the 2.5 kHz low-pass filter applied) [39], 192 

assuming the Woschni correlation for heat transfer [40] and computing the specific heat ratio for 193 

each time step. These results are mainly used to analyze the low-to-intermediate temperature 194 

heat release rate that occurs before the high-temperature ignition.   195 

Exhaust gas was collected downstream of the exhaust plenum using a heated sample line (see 196 

Fig. 1(a)).  CO, CO2, unburned hydrocarbons (HC), nitrogen oxides (NOx), and O2 were measured 197 

using standard exhaust-gas analysis equipment as used in previous studies [35]. Soot emissions 198 

were monitored using an AVL smoke meter, and were found to be below the detectability limit for 199 

all data reported. The results of exhaust gas measurements is within ±1% uncertainty range. 200 



Ringing intensity (RI) developed by Eng [38] given in equation 2, which has been widely accepted 201 

in HCCI studies [41], [42], was used to evaluate the level of knock during the operation: 202 

𝑅𝑅𝑅𝑅 ≈ 
1
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where (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑)𝑚𝑚𝑚𝑚𝑚𝑚, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚, and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 are the maximum pressure rise rate, pressure, and 203 

temperature, respectively, 𝛾𝛾 is the specific heat ratio, and 𝑅𝑅 is the gas constant. The limit for 204 

ringing intensity was set to 5 MW/m2, which corresponds to approximately 8 bar/°CA at 1200 rpm 205 

under naturally aspirated conditions. Anecdotally, this limit showed a very good correspondence 206 

with the onset of audible knocking sound and ripple appearance on the pressure trace during the 207 

experiment. In addition, noticeable engine knock also correlated well for all boost levels tested, 208 

giving confidence to this correlation, whereas 3 MW/m2 was more pertinent and set as the limit 209 

for naturally aspirated conditions. Throughout the current work, data were collected under 210 

conditions at which combustion was near non-sooting, complete (combustion efficiency > 95%), 211 

stable (coefficient of variation (COV) of IMEPg ≤ 1%), and not knocking, unless otherwise noted. 212 

Fuel and Additive Properties 213 

A regular commercial gasoline containing 10%vol ethanol (E10), hereafter referred as base fuel, 214 

is used in the current study. Table 2 lists the main properties of this fuel. EHN with a purity of 97% 215 

was used to dope the base fuel (most of the impurity is from isomers). The additive was properly 216 

mixed with the base fuel on a volume percentage basis, and the physical properties of the fuel 217 

mixtures were calculated based on the fuel specifications. 218 

Table 2. Fuel properties of E10 base fuel 219 

Formula C5.76H11.98O0.22 
Specific gravity (15°C) 0.7238 
Lower Heating Value, MJ/kg 41.74 
Carbon, wt. % 81.67 
Hydrogen, wt. % 4.06 
RON 92.5 



MON 84.6 
Anti-knock Index (RON+MON)/2 88.6 

Modeling Approach 220 

Kinetic model and engine parameters setup 221 

A detailed gasoline surrogate mechanism was used for kinetic model in the present work, and the 222 

mechanism has been modified to include EHN and NO/NO2 sub-mechanisms. The original 223 

mechanism was provided by Lawrence Livermore National Laboratory (LLNL) [43], and includes 224 

low-temperature and high-temperature chemistry of four hydrocarbon species: n-heptane, iso-225 

octane, 2-pentene, and toluene. An ethanol sub-mechanism is also included. This modified 226 

mechanism has been used to replicate HCCI experimental data at high boosted conditions, where 227 

conventional gasoline was used without ethanol [44]. The EHN sub-mechanism was adopted from 228 

[45] and [36], which contains the following two reactions: 229 

EHN  EHO + NO2      R1 230 

EHO  CH2O + C7H15-3      R2 231 

R1 describes initial decomposition of EHN into NO2 plus ethylhexyloxy (EHO) radical.  Since EHO 232 

is considered to be an unstable species, it rapidly decomposes through scission reactions shown 233 

in R2. The NO/NO2 sub-mechanism used was initially developed by Rasmussen et al. for low-to-234 

intermediate temperatures [46], which are similar to the conditions in this study. The combined 235 

kinetic mechanism consists of 1404 species and 6025 reactions. 236 

Simulations of the experiments were carried out using the CHEMKIN-PRO single-zone internal 237 

combustion engine reactor. The initial crank angle for the simulations was set at 180°CA (BDC), 238 

and computations were performed until 260°CA (about halfway through the compression stroke).  239 

The BDC pressure in the simulations was specified to match the experimental data. An effective 240 

compression ratio of 13:1 was also imposed on the simulations; a similar approach has been 241 

successfully used by others including Sjöberg and Dec [1], [47] and validated by comparison with 242 

multi-zone simulations. 243 



Since the chemical kinetics that governs the ignition are sensitive to evolution of the in-cylinder 244 

temperature during cycle, it is important to accurately model the wall temperature and heat 245 

transfer to match the experimental conditions. The experimental fire-deck temperature for each 246 

condition was used as wall temperature of the simulation. To signify the role of heat transfer on 247 

the simulation error, pressure and temperature profiles obtained under motoring conditions at 𝑃𝑃𝑖𝑖𝑖𝑖 248 

= 100 kPa and 𝑇𝑇𝑖𝑖𝑖𝑖 = 151°C are plotted in Fig. 2. Three different results are plotted: 1) experimental 249 

data, 2) an adiabatic simulation, and 3) a simulation considering heat losses.  In the case that the 250 

heat transfer in incorporated (dashed line), the same Woschni correlation [40] and coefficients 251 

used to account for the heat losses in the experiment, was applied to the simulation. It can be 252 

seen that the case closely matches the experimental pressure and temperature profiles as well 253 

as combustion phasing, peak pressure and temperature, whereas the adiabatic simulation fails 254 

to reproduce. For this reason, the heat loss correction is applied to all conditions discussed on 255 

the following sections. 256 

   257 
Figure 2.  Comparison between conditions with heat loss and without heat loss (adiabatic) in a single 258 

zone model simulation under motoring conditions at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa and 𝑇𝑇𝑖𝑖𝑖𝑖 = 151°C 259 

Fuel Surrogate 260 

The chemical composition of a real base gasoline has too much complexity for modeling, so a 261 

simple mixture, a surrogate fuel that reproduces the main ignition characteristics of the base fuel, 262 

is used instead. A five-components surrogate mixture for E10 gasoline is proposed in this work, 263 



which includes the main hydrocarbon classes present in the base fuel: n-alkanes (n-heptane), 264 

iso-alkanes (iso-octane), olefins (2-pentene), aromatics (toluene), and oxygenates (ethanol). The 265 

surrogate formulation was designed to match the molar composition of each hydrocarbon class 266 

in the base fuel as closely as possible. However, the base fuel contains some cyclo-alkanes, 267 

which are missing from the chemical kinetic mechanism. For this reason, all cyclo-alkanes were 268 

substituted by n-heptane in the surrogate fuel. The final composition can be seen in Table 3.  It is 269 

noteworthy that H/C ratio and lower heating value (LHV) are similar to those of the base fuel. 270 

Table 3. Gasoline and surrogate specifications 271 

 Base fuel Surrogate fuel 
N-alkanes, mol 0.15 0.21 (n-heptane) 
Iso-alkanes, mol 0.38 0.38 (iso-octane) 
Olefins, mol 0.03 0.03 (2-pentene) 
Cyclo-alkanes, mol 0.06 0 (not available in mechanism) 
Aromatics, mol 0.17 0.17 (toluene) 
Oxygenates, mol 0.21 0.21 (ethanol) 
H/C 2.082 2.093  
LHV, J/g 41677 42182  

For performance verification of the surrogate fuel in simulation referenced to base fuel in the 272 

experiment, the relationship between 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵  and the combustion phasing at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa and 𝜙𝜙 = 273 

0.4 is plotted in Fig. 3 (a). As expected, a higher 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 advances the combustion timing for all 274 

results. The simulation shows slightly more retarded combustion phasings (CA10 and CA50) are 275 

slightly more retarded for the simulations for 2-4°CA, but the experimental trends are properly 276 

captured, and both CA10 and CA50 slopes are replicated with high accuracy. Fig. 3 (b) shows 277 

the LTHR and intermediate-temperature heat release (ITHR) for CA10 = 368.4°CA for both the 278 

experiment and simulation. 4.5 K higher 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 was required in the simulation to match the 279 

experimental combustion timing. Although the combustion phasing indicators show slight 280 

discrepancies, the early stage of the heat release of experiment is closely reproduced in the 281 

simulation. 282 



 283 

Figure 3. Comparison between the base fuel (experiment) and the surrogate fuel (simulation) at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 284 
kPa and 𝜙𝜙𝑚𝑚 = 0.4: (a) 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵  and combustion phasing; (b) HRR profiles for a matching CA10 = 364.8°CA. 285 

Although the suggested surrogate fuel shows a good performance in replicating the heat release 286 

and is not complex, developing more developed one with other higher carbon component would 287 

be viable to evaluate the effect of EHN, with some extent of sensitivity analyses. 288 

Results and Discussion  289 

Base Fuel 290 

The simulation is compared to experiment when the fuels (the base fuel and surrogate) are 291 

straight, without EHN. In Fig. 4, the required 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 to reach the knock limit at several intake 292 

pressures and two different EGR concentrations of 21.7% and 47.2% are shown. 293 

 294 



Figure 4. 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 vs. 𝑃𝑃𝑖𝑖𝑖𝑖 for a 𝜙𝜙𝑚𝑚 = 0.4 base fuel at EGR = 47.2% and 21.7%. RI = 3 MW/m2 for 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 295 
kPa and RI = 5 MW/m2 for higher intake pressures. 296 

𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is adjusted in the simulations to match the experimental CA10 values that are reported in 297 

Table 4. The experimental results are given by the data markers, while the results of the simulation 298 

are given by a solid line. As shown in Fig. 4, 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is reduced as 𝑃𝑃𝑖𝑖𝑖𝑖  increases since the fuel/air 299 

mixture becomes more reactive with increasing pressure. For higher EGR (47.2%), experimental 300 

data at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa is unavailable because the required 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 exceeds the limit of the heating 301 

system. It can be seen that for higher EGR, the kinetic model perfectly matches the experiment. 302 

For lower EGR (21.7%), the kinetic model still has a reasonable agreement with the experimental 303 

trends up to 𝑃𝑃𝑖𝑖𝑖𝑖  = 160 kPa, exhibiting a small offset in 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵. However, the simulation fails to 304 

capture the rapid decrease in 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 of experiment from 160 kPa to 180 kPa and overestimates by 305 

27 K at 180 kPa condition. The appearance of LTHR causes this drastic decrease in 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵, which 306 

is not properly replicated in the simulations (as explained in detail below).  307 

Table 4. Experimental CA10 values used to match BDC temperature (𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵) in the simulations 308 

 𝑃𝑃𝑖𝑖𝑖𝑖  = 100 kPa 𝑃𝑃𝑖𝑖𝑖𝑖  = 130 kPa 𝑃𝑃𝑖𝑖𝑖𝑖  = 160 kPa 𝑃𝑃𝑖𝑖𝑖𝑖  = 180 kPa 
EGR = 47.2% - 362.8°CA 365.3°CA 366.9°CA 
EGR = 21.7% 364.1°CA 365.5°CA 368.7°CA 371.5°CA 

 309 

Figure 5 displays the HRR profiles before the high-temperature ignition at 𝑃𝑃𝑖𝑖𝑖𝑖  = 100 kPa (a) and 310 

𝑃𝑃𝑖𝑖𝑖𝑖 = 180 kPa (b), respectively, for a fuel/air mixture with 21.7% EGR. At naturally aspirated 311 

conditions (𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa), LTHR is not noticeable and the simulation accurately predicts the 312 

HRR.  However, when LTHR begins to become prominent, as seen in Fig. 5(b), the simulation no 313 

longer matches the experimental result. It is believed that this uncaptured behavior is the reason 314 

why 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 has to be increased by 27 K for matching CA10; because LTHR promotes autoignition 315 

[9], [48], [49] leading to lower 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 values. The entire cycle-alkane class of the surrogate fuel is 316 

n-heptane, which is a very reactive species that is prone to exhibit LTHR. So the less reactivity of 317 



the surrogate fuel in the model compared to base fuel is unexpected. Further investigation is 318 

necessary to improve the kinetic model, especially under this condition. 319 

 320 

Figure 5. HRR comparison between experiment and simulation for the base fuel with 𝜙𝜙𝑚𝑚 = 0.4 and EGR = 321 
21.7% at (a) 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa and (b) 𝑃𝑃𝑖𝑖𝑖𝑖 = 180 kPa. 322 

Doped Fuel 323 

Experimental 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 data are presented in Fig. 6(a) at EGR = 47.2% for several intake pressures. 324 

Three EHN doping levels are presented: straight base fuel, 0.25% and 0.4% EHN by volume. All 325 

data were collected at 𝜙𝜙𝑚𝑚 = 0.4 and CA10 = 366.9°CA. The fuel doped with 0.4% EHN was not 326 

tested at 𝑃𝑃𝑖𝑖𝑖𝑖 = 180 kPa because the required 𝑇𝑇𝑖𝑖𝑖𝑖 to prevent knocking was lower than 60°C, close 327 

to the point at which fuel begins to condense in the fueling system. Fig. 6(a) shows that the 328 

required 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is drastically reduced when EHN is added to the base fuel. For instance, comparing 329 

the doped fuel to the base fuel at 𝑃𝑃𝑖𝑖𝑖𝑖 = 130 kPa, 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 was reduced by 24 K with 0.25% EHN and 330 

38K with 0.4% EHN, respectively. The autoignition enhancement with respect to lower required 331 

𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 becomes stronger as intake pressure increases. For example, with 0.25% EHN, 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 could 332 

be reduced by 46 K and 63 K when Pin increased to 160 kPa and 180 kPa, respectively. The EHN 333 

effect is highly nonlinear with the EHN concentration; the 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵  reduction is much greater when 334 

the EHN concentration is increased from none to 0.25%, compared that of from 0.25% to 0.4%. 335 

This result is consistent to the observation reported by Ji et al. [24]. 336 



 337 

Figure 6.  Relationships between experimentally determined 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑃𝑃𝑖𝑖𝑖𝑖 with: (a) Base fuel and varying 338 
EHN levels, CA10 = 366.9°CA and EGR = 47.2%; (b) Maintaining RI = 3 MW/m2 at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa and RI 339 

= 5 MW/m2 for higher intake pressures. 340 

In Fig. 6(a), the 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑃𝑃𝑖𝑖𝑖𝑖 relationships are shown for a fixed EGR level at 47.2% with CA10 = 341 

366.9°CA. Fig. 6 (b) shows a different comparison, CA10 varies while the RI is held at the knock 342 

limit. It is important to note that the required amount of EGR is reduced to 21.7% to achieve the 343 

same RI when the base fuel is used. With the base fuel, a sudden change of slope can be seen 344 

between Pin = 160 kPa and 180 kPa, which is an indicator of the LTHR onset. There does not 345 

appear to be a similar shift in slope with the doped fuel, which suggests that the EHN is changing 346 

the low-to-intermediate temperature chemistry. 347 

Fig. 7 shows the behaviors of the EHN-doped surrogate fuel (in simulation) and the EHN-doped 348 

base fuel (in experiment) for 0.25% and 0.4% EHN by volume. If the EHN level is the same, 349 

approximately 37-38 K lower 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is required at Pin = 100 kPa, and gradually decreases to 16 K 350 

lower at Pin = 180 kPa. It is apparent that the kinetic model generally over-predicts the autoignition 351 

enhancement by EHN, leading to lower required BDC temperatures compared to the experiment. 352 

However, if the amount of additive in the simulations is decreased by a factor of 10, the 353 

simulations closely match the experiments. This suggests that the chemical kinetics of the additive 354 

can be improved by adjusting the rate of specific reaction in the EHN decomposition reactions. 355 



 356 

Figure 7.  𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 vs. 𝑃𝑃𝑖𝑖𝑖𝑖 for experiment and simulation at two different doping levels: (a) 0.25% EHN and (b) 357 
0.4% EHN. 10% of each EHN level is also tested in the simulation to closely match the experimental 358 

result. 359 

Fig. 8 compares experimental and numerical HRRs at 𝑃𝑃𝑖𝑖𝑖𝑖 = 100 kPa and 160 kPa, which were 360 

normalized by the total heat released (THR) to compare different engine loads. Solid lines display 361 

the HRR profiles obtained from the experiments with 0.25% EHN, while the simulation results are 362 

plotted with dashed (0.25% EHN) and dotted lines (0.025% EHN). The simulation with 0.25% 363 

EHN over predicts the LTHR and ITHR, whereas simulations with 0.025% EHN are in good 364 

agreement with the experimental data. In fact, the existence or absence of LTHR, as well as its 365 

timing and magnitude, are replicated almost perfectly when the EHN concentration is reduced by 366 

a factor of 10. This deviation is likely caused by the EHN kinetic model, since the behavior of the 367 

straight surrogate fuel tends to under-predict the LTHR (see the discussions referring to Figs. 4 368 

and 5). Thus, the analysis of the HRR further suggests that the chemical kinetics of the additive 369 

can be improved by modifying the EHM decomposition reactions. 370 



 371 

Figure 8.  Comparison of normalized HRR profiles for 0.25% EHN 372 

Fig. 9 shows the numerical HRR and the mass-averaged temperature of the surrogate fuel against 373 

crank angle for 0.025% EHN at 𝑃𝑃𝑖𝑖𝑖𝑖 = 180 kPa. The 100-times-amplified heat production rate of 374 

the EHN decomposition reactions (R1 and R2) is also plotted. LTHR is observed between 335 – 375 

350°CA, and the corresponding temperature varies from 730 K to 880 K. Due to the LTHR, the 376 

in-cylinder temperature increases (see the dashed ellipse in Fig. 9), promoting the autoignition of 377 

the mixture.  Reactions R1 and R2 both occur before the onset of LTHR and are endothermic in 378 

nature. However, the HRR and the mass-averaged temperature are not noticeably affected during 379 

the phase of R1 and R2, and this suggests that the EHN decomposition has a negligible 380 

thermodynamic effect. Therefore, the ignition enhancement must be primarily due to the species 381 

evolved and chemical in nature. To better understand which of the species are responsible for 382 

the increase in autoignition reactivity, species profiles are plotted in Fig. 10 alongside the HRR 383 

and temperature profiles for this simulation. The main species from the EHN decomposition are 384 

included (EHO, NO2, C7H15-3, and CH2O), along with NO in order to analyze the NO2-to-NO 385 

conversion ratio.  386 



 387 

Figure 9.  Simulated HRR and temperature profiles for surrogate fuel doped with 0.025% EHN at Pin = 388 
180 kPa. 389 

 390 

 391 

Figure 10.  Simulated HRR, temperature, and specie profiles for surrogate fuel doped with 0.025% EHN 392 
at = 180 kPa. 393 

EHN is not stable at medium temperatures (above 500 K) and its thermal decomposition 394 

described by R1 starts at approximately 310°CA. The EHO radical is very reactive, therefore the 395 

accumulation of EHO is extremely low (5 to 6 orders of magnitude lower than the original EHN 396 

concentration). This suggests that EHO rapidly decomposes to C7H15-3 and CH2O through 397 

reaction R2. Both EHN and EHO are completely consumed before the LTHR starts (near 330°CA).  398 

As expected, CH2O accumulates during the entire low-to-intermediate temperature regime, 399 



because the CH2O decomposition to CO is what triggers the high-temperature ignition. In contrast, 400 

the NO2 generated by the EHN decomposition is consumed during the LTHR. However, the NO2-401 

to-NO conversion is limited, thus NO2 produces species other than NO during this stage, such as 402 

HONO. Only a small amount of NO2 is found in the high temperature region and it is rapidly 403 

reduced to NO, leading to a high NO concentration after the high-temperature stage. The CH2O 404 

generated by EHN does not seem to be the species responsible of enhancing the reactivity. 405 

Yamaya et al. [37] proved that hundreds of ppm of CH2O are needed to have a noticeable effect 406 

on the autoignition, while the CH2O generated by the EHN decomposition is in tens of ppm (one 407 

order of magnitude lower than the required amount reported by Yamaya et al.).   408 

To understand the role of NO2 on the autoignition reactivity, simulations were performed where 409 

the initial amount of EHN in the surrogate fuel was substituted by NO2. The base surrogate fuel 410 

was doped with 13.7 ppm of NO2, which corresponds to a 100% conversion of EHN to NO2 for 411 

the 0.25% EHN-doped base fuel (the amount of EHN used in the experiments). Fig. 11 shows the 412 

required 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 to reach CA10 = 366.9°CA for different intake pressures and fuels. It can be seen 413 

that the effect of NO2 doping decreases the reactivity, requiring approximately 5-6 K higher 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 414 

to reach the same CA10. Moreover, increasing the initial NO2 concentration by a factor of 10 415 

further decreases the reactivity. Thus, the NO2 originating from the EHN decomposition does not 416 

seem to be responsible for the faster autoignition. However, previous studies [5], [31], [32] have 417 

shown that NOx (mostly NO) enhance the autoignition reactivity of fuels in HCCI or HCCI-like 418 

engines.  419 



 420 

Figure 11.  Effect of NO/NO2 on the autoignition reactivity in simulation. 421 

Effects of NO production by replacing NO2 was also tested in the simulation, 13.7 ppm of NO 422 

assuming 100% conversion of EHN to NO for fuel doped with 0.25% EHN. These results are also 423 

presented in Fig. 11 and show that the reactivity is increased, observing a lower 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 is required 424 

to achieve the same CA10. Compared to the base fuel, the required 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 was reduced by 1 K at 425 

Pin = 100 kPa and by 19 K at 𝑃𝑃𝑖𝑖𝑖𝑖 = 180 kPa, respectively. However, even though NO acts as an 426 

ignition improver, the improvement from a 100% conversion of EHN to NO is not enough to explain 427 

the extent of the ignition enhancement by EHN. Although the NO concentration is increased by a 428 

factor of 10, the reactivity enhancement (reduction in 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵) is still less than 0.25% EHN. These 429 

results suggest that the NO and NO2 have very distinct effects on the autoigntion, and should be 430 

considered independently when accounting for the effects of NOx on reactivity. 431 

Referring to Fig. 10 and considering the C7H15-3 radical, almost no C7H15-3 is accumulated before 432 

the LTHR despite the direct conversion of EHN to C7H15-3 through reactions R1 and R2. This 433 

suggests that C7H15-3 is very unstable and rapidly consumed. During the LTHR and ITHR, only 434 

small amount of C7H15-3 is accumulated, mainly originating from n-heptane. To elucidate the role 435 

of C7H15-3 playing in enhancing the fuel reactivity, as shown in Fig. 12(a), EHN reaction pathways 436 

are constructed from the CHEMKIN results for a simulation with 0.025% EHN-doped fuel at 𝑃𝑃𝑖𝑖𝑖𝑖 = 437 



180 kPa, 𝜙𝜙𝑚𝑚 = 0.40, CA10 = 366.9°CA, and EGR = 47.2%. The timing at which the pathways are 438 

constructed is 324°CA, which is the maximum rate of EHN consumption (identified by the 439 

inflection point on the EHN concentration in Fig. 10). The width of the arrows qualitatively indicates 440 

how much of the original species contributes to the formation of new products. 441 

 442 

Figure 12.  Reaction pathways constructed for the surrogate fuel doped with 0.025% EHN at 𝑃𝑃𝑖𝑖𝑖𝑖 = 180 443 
kPa, 𝜙𝜙𝑚𝑚 = 0.4, CA10 = 366.9°CA and EGR = 47.2%: (a) Decomposition of EHN and (b) OH production 444 

from EHN and n-heptane. 445 

As discussed earlier, EHN decomposes into EHO and NO2 (described by R1), with EHO 446 

subsequently reacting to form CH2O and C7H15-3 (described by R2). Under these conditions, 447 

CH2O is stable and no further reaction pathway is found for this species. However, the C7H15-3 448 

continues oxidation by undergoing a typical low-temperature chain-branching reaction. The alkyl 449 

radical C7H15-3 (R•) oxidizes via O2 addition reactions to form C7H15O2-3 (ROO•) and then 450 

C7H14OOH3-5 (•ROOH) through isomerization. C7H14OOH3-5 produces OH radicals after a 451 

second O2 addition (C7H14OOH3-5O2), and generates additional OH radicals when this species 452 

undergoes isomerization to NC7KET35. N-heptane contributes to generating both C7H15-3 and 453 



OH radicals, and a reaction pathway accounting for all OH production at these conditions was 454 

constructed and shown in Fig 12.(b). Although n-heptane is also a source of the C7H15-3 radical, 455 

more than 65% of its production during the maximum rate of EHN consumption is attributed to 456 

the EHN decomposition. Furthermore, C7H15-3 was found to be the main source of OH radicals 457 

by means of decomposition to C7H14OOH3-5, C7H14OOH3-5O2, and NC7KET35. 458 

As an extension to the reaction pathways, the relative reaction rates are also important for 459 

fundamental understanding of EHN’s role in autoignition reactivity. It is imperative to note that 460 

only the reactions from EHN and n-heptane are included in Figure 12(b), and other species may 461 

still be crucial for generating the OH radical pool. Considering all species, Fig.13 shows the OH 462 

production/consumption rates for the ten most relevant reactions, evaluated at 324°CA (the timing 463 

at which the maximum rate of EHN consumption was achieved). Positive values indicate OH 464 

production, whereas negative values indicate OH consumption. It should be mentioned that the 465 

net reaction rate (total generation rate minus total consumption rate) governs the formation of the 466 

OH radical in the pool. The individual reaction rates that are normalized by the total rate of OH 467 

production/consumption, are displayed as percent of the total. Thus, it is seen that the reaction 468 

C7H14OOH35O2 ⇔ NC7KET35 + OH represents 24% of the total OH generation rate at this 469 

instant. Similarly, the reaction NC7H16 + OH ⇔ C7H15-3 + H2O accounts for 13% of the total OH 470 

consumption rate. Most of the OH is generated from the C7H14OOH3-5O2 and NC7KET35 radicals 471 

(which were generated by the C7H15-3 radical, as discussed earlier). OH radicals attack the fuel 472 

through H-abstraction reactions, generating more alkyl radicals in a chain reaction mechanism. 473 

Among all the species that comprise the surrogate fuel, n-heptane is the species most prone to 474 

consume OH radicals. This is an expected result because the low-temperature chemistry of long 475 

chain n-alkanes is very reactive. However, some of the n-heptane is converted into C7H15-3, 476 

ultimately generating more OH. The chain reaction is accelerated when C7H15-3 radicals are 477 

added to the mixture through EHN thermal decomposition, leading to shorter autoignition time. 478 



For these reasons, the C7H15-3 radical is considered to be the main species responsible for the 479 

autoignition enhancement. 480 

 481 

Figure 13.  OH relative consumption and production rates at 324°CA for a 0.025% EHN-doped fuel with 482 
𝑷𝑷𝒊𝒊𝒊𝒊 = 180 kPa, 𝝓𝝓𝒎𝒎 = 0.4, CA10 = 366.9°CA and EGR = 47.2%. 483 

A sensitivity analysis was applied to the OH production and consumption reactions at 324°CA 484 

(maximum EHN consumption rate), the sensitivity coefficients of which were calculated as follows:  485 

𝑆𝑆𝑖𝑖 =
𝑑𝑑(𝑙𝑙𝑙𝑙(𝑑𝑑[𝑂𝑂𝑂𝑂] 𝑑𝑑𝑑𝑑⁄ ))

𝑑𝑑(𝑙𝑙𝑙𝑙(𝐴𝐴𝑖𝑖))
 Eq. 3 

where 𝑑𝑑[𝑂𝑂𝑂𝑂] 𝑑𝑑𝑑𝑑 ⁄ is the OH net generation rate and 𝑨𝑨𝒊𝒊 is the pre-exponential factor of the specific 486 

reaction rate of the 𝒊𝒊-th reaction. Fig. 14 shows the ten most sensitive reactions, in which a positive 487 

value means that the OH production is favored by increasing the reaction rate and vice versa. 488 

The main reaction classes to which OH is sensitive are the EHN thermal decomposition (R1), the 489 

isomerization of •ROOH radicals and the H-abstraction of the fuel. Results suggest that changing 490 

the specific reaction rate of R1 will have a significant impact on the production of OH. Thus, the 491 

reactivity overestimation shown by the mechanism in Fig. 7 can be corrected by reducing the pre-492 

exponential factor of R1, leading to a lower OH production and, therefore, to a more realistic 493 

prediction of the autoignition enhancement. 494 



 495 

Figure 14.  OH sensitivity analysis at 324oCA for a 0.025% EHN doped fuel with 𝑷𝑷𝒊𝒊𝒊𝒊 = 180 kPa, 𝝓𝝓𝒎𝒎 = 0.4, 496 
CA10 = 366.9oCA and EGR= 47.2%. 497 

Fig. 15 shows the experimental and numerical 𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 required to obtain CA10 = 366.9°CA For 498 

several intake pressures. Figs. 15(a) and (b) display the results for 0.25% and 0.4% EHN-doped 499 

fuels, respectively. Two different EHN sub-mechanisms were used. One is the original EHN sub-500 

mechanism adopted from [45] and [36], whose pre-exponential constant of reaction R1 is equal 501 

to 1016 s-1, and is shown as a solid line. The other one is a modified EHN sub-mechanism, whose 502 

pre-exponential constant of R1 is equal to 1014 s-1 and is indicated with a dashed line. The 503 

activation energy of the reaction was kept constant (39 kcal/mol) for both sub-mechanisms. It is 504 

shown that the simulations accuracy can be remarkably improved by decreasing the pre-505 

exponential constant for the EHN thermal decomposition by a factor of 100. 506 

 507 



Figure 15.  𝑻𝑻𝑩𝑩𝑩𝑩𝑩𝑩 vs. 𝑷𝑷𝒊𝒊𝒊𝒊 comparison of original and updated EHN sub-mechanism at two different doping 508 
levels: (a) 0.25% EHN and (b) 0.4% EHN. 509 

Fig. 16 compares the NOx emissions from experiment and simulation for the base fuel and two 510 

different doping levels, 0.25% EHN and 0.4% EHN. The simulations used the modified EHN sub-511 

mechanism described in the previous paragraph. Despite having lower intake temperatures, the 512 

doped fuels have higher NOx emissions in both the experiment and simulation. More specifically, 513 

results with the base fuel show ultra-low NOx emissions near 1 ppm, whereas they increase up to 514 

3.7–5.1 ppm for 0.25% EHN and up to 7.6–8.7 ppm for 0.4% EHN, respectively.  515 

 516 

Figure 16. Comparison of NOx emissions between experiments and simulations for the base fuel and two 517 
doping levels. Simulations were performed using the updated EHN sub-mechanism. 518 

The measured NOx emissions is slightly reduced as the intake pressure increases. This might be 519 

caused by a reduction in thermal NOx, since the higher the intake pressure, the lower the 520 

temperature required to keep the CA10 constant. The kinetic model shows near zero NOx 521 

emissions for the base fuel, while it over-predicts the NOx emissions for both doping levels. 522 

Moreover, the kinetic model doesn’t show any variation in NOx with increasing Pin. The 523 

discrepancy in the simulations appears to be mainly from the sub-mechanism inaccurately 524 

describing the NO chemistry. The kinetic model shows nearly a 100% conversion of the EHN 525 

nitrate group into NOx, with NO representing nearly 96.5% of NOx. On the other hand, the 526 



experiments only show a conversion rate between 27-40%, a range similar to those reported by 527 

[24]. 528 

Fig.17(a) shows the concentration profiles of species that contain nitrogen and for which the 529 

maximum concentration is higher than 0.01 ppm in simulation at 𝑃𝑃𝑖𝑖𝑖𝑖  = 180 kPa, 𝜙𝜙𝑚𝑚 = 0.40, EGR 530 

= 47.2% and 0.25% EHN doping level, using the modified EHN sub-mechanism (EHN 531 

decomposition rate reduced by a factor of 100). 532 

 533 

Figure 17. Concentration profiles of several species that contain nitrogen at 𝑷𝑷𝒊𝒊𝒊𝒊 = 180 kPa, 𝝓𝝓𝒎𝒎 = 0.40, 534 
EGR = 47.2% for fuel doped with (a) 0.25% EHN, and (b) 13.7 ppm NO. 535 

EHN thermal decomposition occurs approximately 17°CA later than the earlier result with the 536 

original sub-mechanism (Fig. 10). The nitrate group of EHN is converted to NO2 through reaction 537 

R1, and this species reacts with the methyl radical (CH3) to form CH3NO2 through the following 538 

reaction: 539 

CH3 + NO2 (+ M) ⇔ CH3NO2 (+ M)      R3 540 

This is a third body reaction, with M being any species that absorbs the excess of energy 541 

stabilizing the reaction. The maximum NO2 concentration reached during the EHN decomposition 542 

is about 35% of the initial EHN concentration, while it reaches 100% with the original EHN sub-543 

mechanism. This means that the temperature needed for the EHN thermal decomposition with 544 

the modified mechanism is high enough to simultaneously activate R3. Nearly all the NO2 545 



produced by R1 is transformed to CH3NO2 by R3. Furthermore, CH3NO2 is stable during the ITHR. 546 

Therefore, the maximum CH3NO2 concentration reaches almost the same value as the initial EHN 547 

concentration. CH3NO2 dehydrogenation occurs during the high-temperature stage through H-548 

abstraction reactions with presence of several radicals, among which OH is the most relevant. 549 

Moreover, CH3NO2 dehydrogenation is also a NO production pathway through the following 550 

reactions: 551 

CH3NO2 + R’  CH2NO2 + R-H  R4 552 

CH2NO2  CH2O + NO                  R5 553 

NO2 is accumulated again during the high-temperature ignition. However, it is rapidly consumed 554 

and transformed to NO via the following reactions: 555 

NO2 + OH  NO + HO2       R6 556 

NO2 + CH3  NO + CH3O      R7 557 

These reactions appear to be the reason why the kinetic model over-predicts the NOx emissions, 558 

especially the amount of NO, which represents 96.5% of the total amount of NOx. Finally, only 559 

traces of HNO, HONO, and HONO2 are found during the autoignition process. This does not mean 560 

that the chemistry of these species is negligible, but their production and decomposition rates 561 

have the same magnitude and occur almost simultaneously. 562 

Fig. 17(b) shows the simulation results with the initial concentration of EHN substituted by NO 563 

(13.7 ppm) in order to analyze the chemical pathways followed by this species, since it tends to 564 

enhance the ignition. As discussed earlier, NO accelerates the ignition in a lower extent than EHN, 565 

so that the required 𝑇𝑇𝐵𝐵𝐷𝐷𝐷𝐷 has to be increased to keep the CA10 constant (from 379 K with EHN 566 

to 415 K with NO). Results are very similar to those with EHN. Backward reaction of R6 controls 567 

the NO oxidation to NO2 during the low-temperature stage, which generates OH radicals that 568 

accelerate the fuel dehydrogenation and enhance the ignition. After the NO decomposition, the 569 



chemical paths that control the formation and consumption of nitrogenated species are the same 570 

as those for EHN-doped fuel. The LTHR and ITHR are less intense when the fuel is doped with 571 

NO. A higher temperature is needed to properly phase the ignition, and the absence of additional 572 

C7H15-3 radicals, which are generated via the EHN thermal decomposition, also lead to the less 573 

intense heat releases. While NO is an autoignition enhancer, NO2 consumes CH3 radicals during 574 

the low-to-intermediate temperature stage via reaction R3. The CH3 consumption reduces the fuel 575 

H-abstraction rate, decreasing the reactivity, as it is shown in Fig. 11. 576 

Conclusions 577 

In the present work, the effect of 2-ethylhexyl nitrate (EHN) on the autoignition reactivity of a 578 

regular E10 gasoline in an HCCI engine has been studied both experimentally and numerically 579 

over a range of intake pressures, intake temperatures and for two doping levels and two EGR 580 

rates. A detailed kinetic model that includes EHN and NO/NO2 sub-mechanisms was used to 581 

simulate the autoignition of a newly proposed surrogate fuel, analyzing the differences between 582 

base fuel and EHN-doped fuel. The following conclusions can be deducted from the results: 583 

1. The five-components surrogate fuel was validated versus experimental data using an 584 

HCCI single zone reactor that includes heat losses to accurately replicate the engine 585 

conditions. Slightly higher BDC temperature (5–6 K) is required in the simulations to 586 

closely match the experimental combustion phasing. However, the existence of LTHR for 587 

the base fuel at equivalence ratio of 0.4, 21.7% EGR and intake pressure of 180 kPa 588 

cannot be reproduced by the simulations. 589 

2. The BDC temperature required to properly phase the ignition was reduced by adding EHN. 590 

The original kinetic model tends to over-predict the effect of EHN on the autoignition 591 

enhancement, which can be corrected by decreasing the reaction rate of the EHN thermal 592 

decomposition by a factor of 100. The modified mechanism properly replicates the 593 

experimental LTHR and ITHR exhibited with the doped fuel. 594 



3. The EHN decomposition did not notably affect the temperature despite being endothermic, 595 

and the autoignition enhancement was mainly achieved by chemical effects. The 3-heptyl 596 

radical (C7H15-3) generated by the EHN decomposition was identified as the main 597 

contributor of the autoignition enhancement of the doped fuel. C7H15-3 production favors 598 

the formation of ROOH species that accelerates the OH production in the low temperature 599 

region, promoting the low-to-intermediate temperature chemistry. 600 

4. Simulations showed that adding NO2 slightly reduced the autoignition reactivity, because 601 

this species acts as a sink of CH3 radicals during the low-to-intermediate temperature 602 

regime. However, NO increases the reactivity by generating OH radicals through 603 

oxidization to NO2. However, NO enhances the ignition in a lower extent that EHN. 604 

5. NOx emissions increased when the fuel was doped with EHN. The nitrate group of EHN 605 

showed a conversion rate to NOx between 27% and 40% in the experiments. The 606 

conversion rate shown in the simulations is equal to 100% due to an inaccurate description 607 

of the NO chemistry, which requires a further improvement. 608 
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Symbols and Abbreviations 621 



AHRR apparent heat release rate 
AKI anti-knock index 
aTDC after top dead center 
BDC bottom dead center 
bTDC before top dead center 
CA crank angle 
CA10 10% burnt point 
CA50 50% burnt point 
CI compression-ignition 
COV coefficient of variation 
Cp constant-pressure heat capacity 
CR compression ratio 
Cv constant-volume heat capacity 
E10 10%vol ethanol 
EGR exhaust gas recirculation 
EHN 2-Ethylhexyl nitrate 
EHO Ethylhexyloxy radical 
EVC exhaust valve closing 
EVO exhaust valve opening 
F/C fuel/charge gas mass ratio 
(F/A)stoich stoichiometric fuel/air mass ratio for complete combustion 
GDI gasoline direct injection 
HC unburned hydrocarbons 
HCCI homogeneous charge compression ignition 
HRR heat release rate 
IMEPg gross indicated mean effective pressure 
ITHR Intermediate-temperature heat release 
IVC intake valve closing 
IVO intake valve opening 
LHV lower heating value 
LLNL Lawrence Livermore National Laboratory 
LTC low-temperature combustion 
LTGC low-temperature gasoline compression-ignition 
LTHR low temperature heat release 
max  subscript referred to a maximum value 
MON Motor Octane Number 
NOx nitrogen oxides  
P pressure 
Pin intake pressure 
R specific gas constant 
RCM rapid compression machine 
RI ringing intensity 
RON Research Octane Number 
SI spark ignition 
t time 



T temperature 
TBDC bottom dead center temperature of the compression stroke 
TDC top dead center 
THR total heat released 
Tin intake temperature 
γ adiabatic index (heat capacity ratio) 
τ autoignition time (ignition delay) 
φ Air-based equivalence ratio 
φm Total charge mass-based equivalence ratio 
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