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Abstract 8 

The dual-fuel active-thermal atmosphere combustion strategy has the potential to make the 9 

homogeneous combustion compression ignition more controllable, achieving low fuel consumption and 10 

engine emissions. However, the detailed combustion process and chemical interaction between the high- 11 

and low- reactivity fuels have not been fully understood. This work investigated the premixed iso-octane 12 

combustion assisted by the two-stage reaction of n-heptane on an optical engine. High-speed imaging 13 

technique was applied to visualize the natural flame luminosity and a data-processing method based on 14 

Cantera was proposed to evaluate the detailed chemical kinetics process. Results indicate that the high-15 

temperature heat release stage changes from partially premixed combustion with distinct blue flames into 16 

the mixing-controlled combustion, showing evident signs of soot radiation when the two-stage ignition 17 

transits into three-stage ignition. Heat release from the premixed n-heptane is initially dominated by 18 

reaction HCO+O2=CO+HO2 and turns into hydrogen-oxygen reactions with increasing temperature. In the 19 

primary reacting regions for the cases with latter injection timings, reactions C3H5+H(+M)=C3H6(+M) and 20 

C3H3+H(+M)=C3H4(+M) play the major role, which promotes the formation of soot precursors. 21 

Formaldehyde can represent the mixture reactivity. Reaction pathway of premixed n-heptane generated 22 

reactive species that promote the consumption of iso-octane. Reactions of iso-octane also enhance the 23 

formation of reactive species that further accelerate the combustion process. Retardation of the iso-octane 24 

injection timing reduces the local mixture reactivity and weakens the chemical interaction between iso-25 



octane and n-heptane. This lowers the heat release rate, and, objectively, results in the transition of two-26 

stage ignition to three-stage ignition. 27 

Keywords: Dual-fuel combustion; Active-thermal atmosphere combustion; Optical diagnostics; HCCI; 28 

Chemical kinetics. 29 

Nomenclature 

ATAC 
Active-thermal atmosphere 

combustion 
IMEP Indicated mean efficient pressure 

ATDC After the top dead center LTHR Low-temperature heat release 

AMR Adaptive mesh refinement NC7H16 N-heptane 

CA Crank angle N2 Nitrogen 

CH2O Formaldehyde NFL Natural flame luminosity 

CO Carbon monoxide OH Hydroxyl radical 

CO2 Carbon dioxide PCHR Primary combustion heat release 

ECN Engine combustion network RCCI 
Reactivity controlled compression 

ignition 

H2O Water  RCR Representative creation reaction 

HCCI 
Homogenous charge compression 

ignition 
RDR Representative destruction reaction 

HCHR 
Homogeneous combustion heat 

release 
REXR Representative exothermic reaction 

HO2 Hydroperoxyl radical Spray G Iso-octane spray 

HRR Heat release rate SOI Start of injection 

HTHR High-temperature heat release TDC Top dead center 

IC8H18 Iso-octane   

1. Introduction 30 

The reciprocating internal combustion engine is by far the most important power source for 31 

transportation, agriculture, and power generation due to its simplicity, reliability, and fuel economy. 32 

Homogenous charge compression ignition (HCCI) has drawn much attention since the 1990s, which has 33 

the potential to achieve high efficiency and low emissions simultaneously [1, 2]. Compared to the traditional 34 

compression ignition engine featured by the diffusion-controlled combustion process and spark ignition 35 

engine featured by the flame-propagation process, the HCCI combustion is primarily dominated by the 36 



chemical kinetics process, which results in a fast heat release process and thus high engine efficiency. 37 

However, it meets with the problem of excessive pressure rise rate, limiting its high-load extension [1].  38 

In the past two decades, most of the research on HCCI was focused on the extension of its operating 39 

range for practical application. The operating range for the naturally-aspirated HCCI engine is limited to 40 

about 1-5 bar indicated mean efficient pressure (IMEP) [3, 4]. To further extend its operating range to 41 

higher engine load, the combustion phasing and duration should be well controlled. The main principle to 42 

achieve this end is to increase the in-cylinder charge stratifications of temperature, concentration, and 43 

reactivity. Strategies to refrain the excessive pressure rise rate and ring intensity in HCCI have been 44 

investigated extensively, including the introduction of the internal hot exhaust gas recirculation [5, 6], the 45 

spark-assisted ignition strategy [3, 7], the partially premixed combustion strategy [8-12], and the dual-fuel 46 

combustion strategy [8, 13, 14]. Recently, the dual-fuel combustion strategy gains more attention due to 47 

the more flexible modulation of fuel stratification degree based on engine loads. The metal engine 48 

experiments showed that it could obtain gross indicated thermal efficiency close to 50% [8, 15].  49 

There are two types of dual-fuel combustion strategies, depending on how the two types of fuel are 50 

organized. When the low-reactivity fuel is delivered through the intake port, forming a premixed charge, 51 

and the combustion ignition is initiated by the directly injected high-reactivity fuel, this combustion regime 52 

is called the reactivity controlled compression ignition (RCCI) [8, 16]. Instead, when the combustion of the 53 

low-reactivity fuel delivered through the direct injection is assisted by the two-stage ignition of the 54 

premixed high-reactivity fuel delivered through the intake port, this combustion regime is called the active-55 

thermal atmosphere combustion (ATAC) [17-20]. In the ATAC concept, a small amount of premixed high-56 

reactivity fuel is first ignited to produce a hot (thermal) atmosphere with (active) combustion products and 57 

radicals. This thermal and active atmosphere promotes the following combustion of low-reactivity fuel. By 58 

changing the injection timing of the low-reactivity fuel, the combustion rate or overall peak pressure rise 59 

rate during combustion can be well controlled based on the engine load. The RCCI mode has been 60 

extensively investigated both experimentally and numerically [15, 21-24], and more recent works were 61 



primarily focused on the engine load extension from low to high and full loads [25-27]. In comparison, the 62 

ATAC combustion mode was only studied in the metal engine and is still not fully understood [17, 18].  63 

Yao et al. [20] and Chen et al. [28] employed dimethyl ether as the premixed fuel and methanol as the 64 

direct-injection fuel in a modified single-cylinder diesel engine. The main idea was to enhance the in-65 

cylinder thermal atmosphere by the combustion of premixed dimethyl ether and extend the operating range 66 

of the HCCI engine by the latter direct injection of methanol and higher reactivity stratification. They found 67 

that HCCI-like combustion could be realized by an early direct injection and a three-stage combustion 68 

feature was observed when using a late direct injection. Lu et al. [17, 29, 30] investigated the ATAC 69 

combustion strategy using various types of low-reactivity fuel like iso-octane, n-butanol, and ethanol, with 70 

the ignition assisted by the introduction of premixed n-heptane. They categorized the ATAC combustion 71 

into three types based on the different features of the heat release process. They are the two-stage HCCI-72 

like heat release process dominated by the thermal atmosphere, the three-stage heat release process 73 

dominated by the active atmosphere combustion, and the heat release process lying in between the above 74 

two categories dominated by both the active and thermal atmosphere [17]. However, the detailed effects of 75 

temperature and radicals resulted from the combustion of premixed fuel could not be fully separated. With 76 

the increase of in-cylinder temperature, the reactive radicals also increase and both factors will contribute 77 

to the combustion process of the direct-injection fuel. 78 

In brief, detailed combustion process and chemical interaction between the high- and low- reactivity 79 

fuels for the ATAC combustion strategy have not been fully understood. Particularly, to the authors’ 80 

knowledge, no optical diagnostics technique has been applied to evaluate its in-cylinder combustion process. 81 

Thus, the ATAC combustion strategy was further investigated both experimentally and numerically on an 82 

optical engine. The natural flame luminosity (NFL) from three typical ATAC cases reproducing the 83 

transition from two-stage ignition to three-stage ignition of ATAC were visualized using the high-speed 84 

imaging technique for the first time. In addition, we conducted three-dimensional modeling on these three 85 

cases and proposed a data-processing method that is able to evaluate the representative reaction of heat 86 

release and consumption and formation pathways for each species. The key chemical kinetics processes 87 



dominating the high-temperature heat release were clarified and the detailed chemical interaction between 88 

the high- and low- reactivity fuel during the transition of ATAC from two-stage ignition to three-stage 89 

ignition was evaluated. The present study aims to provide more insights into the combustion fundamentals 90 

of the ATAC combustion mode.  91 

2. Experimental data 92 

2.1 ATAC combustion 93 

2.1.1 Optical engine specification 94 

New experiment was performed on a single-cylinder, four-stroke, naturally-aspirated optical engine 95 

with an extended piston. The bore diameter, stroke length, and compression ratio are 92 mm, 100 mm and 96 

11, respectively. Figure 1 shows the schematic of the combustion chamber structure and field of view for 97 

the high-speed imaging method. Table 1 gives the engine specification. A flat piston crown window was 98 

utilized for the combustion chamber, forming a circular view field with a diameter of 63 mm. There is a 40 99 

mm-wide cutout on the right side of the combustion chamber wall for the introduction of the laser beam 100 

into the piston bowl. The natural flame luminosity during combustion was directed by a mirror placed under 101 

the piston to the camera. More detailed descriptions of the engine setup can be found in Ref. [31, 32]. 102 

 103 

Fig. 1. Schematic of the combustion chamber and field of view for high-speed imaging. 104 

Table 1. Engine specifications. 

Engine type Single cylinder, 4-stroke, water-cooled 

Bore/stroke (mm) 92/100  



Connecting rod length (mm) 155 

Displacement (L) 0.66 

Compression ratio 11:1 

Combustion chamber diameter (mm) 63 

Combustion chamber shape Cylindrical 

Intake valve close timing (°ATDC) -194° 

Exhaust valve open timing (°ATDC) 85° 

Port fuel injector 4 holes, injection angle 15° 

Common rail injector 6 holes, injection angle 150°, 0.15 mm nozzle 

2.1.2 High-speed natural flame luminosity imaging 105 

A high-speed camera (Photron SA1) coupled with a 50 mm/F1.4 lens recorded the natural flame 106 

luminosity during combustion. The frame rate and exposure time of the camera were set to 10,000 frames 107 

per second and 100 μs, respectively. The temporal resolution was 0.72 °CA at the engine speed of 1200 108 

revolutions per minute (rpm). 109 

2.1.3 Operating conditions 110 

The engine was operated at 1200 rpm and fired in every other twenty engine cycles to avoid thermal 111 

loading problems. The coolant temperature was kept at 368 K. The intake air without exhaust gas 112 

recirculation was pre-heated to 348 K. To realize the ATAC combustion mode, the high-reactivity fuel n-113 

heptane (NC7H16) was injected through the intake port using a low-pressure (3 bar) injector and the low-114 

reactivity fuel iso-octane (IC8H18) was injected directly into the combustion chamber using a high-pressure 115 

(600 bar) six-hole injector. Note that the high-pressure injector was not mounted in the center of the cylinder 116 

head, deviating an appropriate distance from the intake and exhaust valves. The port injection timing was 117 

fixed at -360° crank angle after the top dead center (CA ATDC). The injected masses of n-heptane and iso-118 

octane were 11 and 9 mg, corresponding to the overall equivalence ratios of about 0.28 and 0.23, 119 

respectively. Three different direct injection timings of -27°, -7° and 3° CA ATDC were adopted to achieve 120 

the three typical ATAC combustion cases, i.e., the two-stage ignition case, the transitional combustion case, 121 



and the three-stage ignition case [17]. The gross IMEPs for these three cases were 5.7, 5.5 and 5.4 bar, 122 

respectively. The engine operating conditions are listed in Table 2. 123 

Table 2. Engine operating conditions. 

Engine speed (rpm) 1200 ± 1.0 

Intake pressure (bar) 1 ± 0.01 

Intake temperature (K) 348 ± 0.5 

Port injection fuel type N-heptane 

Port injection pressure (bar) 3 ± 0.03 

Port injection fuel mass (mg) 11.0 ± 0.11 

Port injection timing (°ATDC) -360 ± 0.5 

Direct injection fuel type Iso-octane 

Direct injection pressure (bar) 600 ± 6 

Direct injection fuel mass (mg) 9.0 ± 0.09 

Direct injection timing (°ATDC) -27.0/-7.0/+3.0 ± 0.5 

 124 

2.2 ECN Spray G 125 

Experimental liquid and vapor penetration lengths related to Spray G (iso-octane) from the Engine 126 

Combustion Network (ECN) website were utilized to calibrate the spray modules [33]. The experiment was 127 

performed in a constant-volume cylindrically shaped chamber (108×108 mm), at an ambient temperature 128 

of 573 K and a pressure of around 6.0 bar (density of 3.5 kg/m3). To prevent combustion, an initial gas 129 

mixture of 89.71% (mole fraction) of nitrogen (N2), 6.52% of carbon dioxide (CO2), and 3.77% of water 130 

(H2O) were employed. Key parameters for the non-reacting Spray G experiment are given in Table 3. 131 

Details related to the experimental setup can be found from the ECN website and Payri et al.’s work [33, 132 

34]. 133 

Table 3. Key parameters for the non-reacting Spray G experiment. 

Injected fuel Iso-octane 

Nozzle number 8 

Nozzle diameter (mm) 0.172 

Orifice drill angle (°) 37 



Injection pressure (bar) 200 

Injection mass (mg) 10.0 

Injection duration (ms) 0.78 

Fuel temperature (K) 363 

3. Computational setup 134 

3.1 Model descriptions 135 

A three-dimensional spray-combustion modeling was performed using the CONVERGE code [35]. 136 

The Renormalization Group k-ε model was employed to model turbulence [36]. The Lagrangian-parcel 137 

Eulerian-fluid approach was adopted to model the spray process [37]. The Kelvin-Helmholtz Rayleigh-138 

Taylor model without a breakup length was adopted to model the droplet breakup process [38] and the no 139 

time counter algorithm was adopted to model the droplet collision process [39]. A Frossling correlation 140 

method was used to simulate the droplet evaporation [40]. The heat transfer model developed by O'Rourke 141 

and Amsden was used to simulate the heat transfer process between the gas and the wall [41]. In addition, 142 

the SAGE solver [42] coupled with the reduced chemical kinetic mechanism for the primary reference fuels 143 

(n-heptane and iso-octane) developed by Wang et al. [43] was employed for the combustion modeling. 144 

More details of the above models can be found in Ref. [44]. The modeling cases started from the intake 145 

valve closing timing (-194° CA ATDC) to the exhaust valve opening timing (85° CA ATDC). 146 

3.2 Mesh details 147 

Before the investigation of the chemical kinetics process for the ATAC combustion strategy, mesh-148 

sensitivity studies were conducted for both the non-reacting Spray G case and the reacting ATAC 149 

combustion case. Given that the Spray G injector has eight axisymmetric holes, a 45°-sector mesh with a 150 

height and diameter of 108 mm was employed to reduce the computational expenses. For simplification, a 151 

60°-sector mesh was adopted for the reacting ATAC case with a SOI timing of -7°. However, as depicted 152 

in Fig. 1, the DI injector of the optical engine was not set in the center of the cylinder head and the gap 153 



angles between each nozzle are not the same. As a result, to precisely predict the engine combustion process, 154 

a whole (360°) mesh was employed for the following modeling study. 155 

In this work, the adaptive mesh refinement (AMR) approach was employed with a base mesh size of 156 

2 mm. This approach is able to refine the mesh dynamically where a higher resolution for the reacting flow 157 

field is needed [37]. In the mesh-sensitivity studies, AMR scales of 1-4 were adopted and compared, which 158 

generated the minimum grid sizes of 1 to 0.125 mm, respectively. In addition, an additional embedding 159 

region was employed near the nozzle tip during the injection process. 160 

3.3 Data-processing method 161 

A new data-processing method that is able to perform instantaneous reaction pathway analysis based 162 

on the three-dimensional modeling results is proposed. In the previous works, Li et al. [45] proposed a 163 

method of this kind based on the SENKIN code of the CHEMKIN package and the authors of this work 164 

[46-48] proposed a similar method based on MATLAB only. The present approach is primarily based on 165 

Cantera, which is faster compared to the previous edition and also able to calculate the ignition delay for 166 

each computational cell. 167 

This method is primarily composed of three parts, including: (1) the importing and formatting of the 168 

three-dimensional calculated results (temperature, pressure, volume, and species mass fractions) and the 169 

kinetic mechanism together with the thermodynamic data; (2) the calculation of the creation and destruction 170 

rates for each species, heat release rate (HRR) for each reaction, representative reactions for the heat release 171 

and species creation and destruction, and ignition delay; (3) the analysis and visualization of the calculated 172 

data. The reaction yielding the highest creation rate for each species is termed the representative creation 173 

(RCR) and destruction (RDR) reactions and the reaction yielding the highest exothermic heat release is 174 

termed the representative exothermic reaction (REXR). In order to further clarify the combustion details, 175 

the average reaction pathways integrated over the corresponding computational domains can also be 176 

obtained. Some of the key reactions involved in this work are summarized in Table 4. 177 

Table 4. Summary of key reactions for this work. 



R9 HO2+NC7H16=>C7H15-2+H2O2 R249 CH2OH+O2=CH2O+HO2 

R16 C7H15-2+O2=>C7H15O2-2 R294 CH3O(+M)=CH2O+H(+M) 

R28 HO2+IC8H18=AC8H17+H2O2 R295 CH3O+O2=CH2O+HO2 

R38 AC8H17+O2=>AC8H17O2 R304 CH3+O2(+M)=CH3O2(+M) 

R132 HO2+IC4H6OH=CH2CCH2OH+CH2O+OH R313 H+O2=O+OH 

R133 CH2CCH2OH+O2=CH2O+CH2OH+CO R315 H2+OH=H+H2O 

R158  C3KET21=>CH2O+CH3CO+OH R316 2OH=H2O+O 

R169 C3H5+H(+M)=C3H6(+M) R321 H+O2(+M)=HO2(+M) 

R171 C3H5+HO2=C2H3+CH2O+OH R325 HO2+OH=H2O+O2 

R178 C3H3+H(+M)=C3H4(+M) R327 2HO2=H2O2+O2 

R183 2CH3 (+M)=C2H6(+M) R345 HCO+O2=CO+HO2 

R208 C2H4+OH=CH2O+CH3   

4. Results and discussions 178 

4.1 Spray calibration and mesh-sensitivity studies 179 

4.1.1 Spray G case 180 

Figure 2 compares the experimental and predicted liquid and vapor penetration lengths using different 181 

AMR scales. The liquid penetration length is defined as the distance from the nozzle tip to the location 182 

where 95% of the total liquid mass is encompassed. The vapor penetration length is defined as the distance 183 

from the nozzle tip to the farthest location with at least 0.1% of the gaseous fuel mass fraction [49]. Note 184 

that with an AMR scale of less than 3, both the liquid and vapor penetration lengths are underestimated 185 

significantly, while both the AMR scale of 3 and 4 cases can reasonably predict the experimental results. 186 

In addition, the case with AMR scale of 3 is able to yield similar results with the case with AMR scale of 187 

4. Figure 3 compares the predicted vapor boundary at 0.6 ms using different AMR scales with 7 rotated 188 

duplicates. The lower AMR scales of 1 and 2 both yield the lower vapor penetration and wider spray plumes. 189 

However, the case with AMR scale of 3 exhibits a similar result with the case with AMR scale of 4, which 190 

indicates that an AMR scale of 3 can achieve a convergent result for the spray modeling [50]. 191 
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Fig. 2. Comparison between the experimental and predicted liquid and vapor penetration lengths using 193 

different AMR scales. 194 

 195 

Fig. 3. Comparison of the predicted vapor boundary at 0.6 ms using different AMR scales with 7 rotated 196 

duplicates. 197 

4.1.2 ATAC engine combustion case 198 

Figure 4 compares the experimental and predicted in-cylinder and HRR profiles using different AMR 199 

scales for the SOI=-7.0° case. It is observed that the different meshes have a negligible effect on the HCCI 200 

heat release process. However, the primary combustion heat release has an obviously higher sensitivity to 201 

the different AMR scales. Compared to the AMR scales of 3 and 4, the AMR scales of 1 and 2 yield the 202 

more rapid heat release and the higher peak HRR. Figure 5 compares the predicted temperature distributions 203 



at -4° CA ATDC using different AMR scales. Compared to the AMR scale of 1 and 2 cases, the AMR scale 204 

of 3 case can yield a more similar predicting performance with the AMR scale of 4 case, regarding the peak 205 

temperature and flame structure. As a result, in the following section, an AMR scale of 3 is employed with 206 

a whole mesh to investigate the chemical kinetics process of the ATAC strategy. 207 
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 208 

Fig. 4. Comparison of the experimental and predicted in-cylinder and HRR profiles using different AMR 209 

scales for the SOI=-7.0° case. 210 

 211 

Fig. 5. Comparison of the predicted temperature distributions at -4° CA ATDC using different AMR 212 

scales. 213 

4.2 Detailed combustion process of the ATAC strategy 214 

4.2.1 Heat release and natural flame luminosity imaging  215 

Figure 6 shows the experimental and predicted in-cylinder pressure and HRR profiles at three different 216 

SOI timings. There is a weak low-temperature heat release (LTHR) period around -20° CA shown by the 217 

blue bar. The LTHR processes for the three cases are quite similar, indicating that the earlier injection of 218 

iso-octane for the start of injection (SOI) of -27° case has a limited effect on the LTHR of n-heptane. With 219 



the retardation of SOI timings from -27° to 3° CA, the high-temperature heat release (HTHR) turns from a 220 

single stage to two stages. Here we define these two stages of HTHR as the homogeneous combustion heat 221 

release (HCHR) and the primary combustion heat release (PCHR), shown by the gray and red bars, 222 

respectively. Apparently, the HCHR and PCHR periods overlap for the SOI=-27° case and the PCHR period 223 

was postponed with the later direct injection showing more signs of HCHR. The SOI=3° case presents a 224 

clear three-stage combustion process including the LTHR, HCHR, and PCHR. The SOI=-7° case is a 225 

transition between the above two cases. 226 

 227 

Fig. 6. Experimental and predicted in-cylinder pressure and HRR profiles at three different SOI timings. 228 

Figure 7 illustrates the natural flame luminosity results of the typical engine-cycles at crank angles 229 

after the start of the PCHR period, with the outlines representing the combustion chamber boundary. With 230 

earlier injection (SOI=-27° and -7°), the ignition kernels emerge earlier and are primarily initiated in the 231 

downstream region close to the combustion chamber bowl. In the SOI=-27° case, after the initial blue 232 

ignition kernels appearing at 3°, substantial heat is released rapidly and the blue flames occupy the whole 233 

chamber quickly at 3.7° due to the highly premixed combustion.  234 

Later, it shows distinct flame stratification at 4.5° and 5.2° indicating certain fuel stratification. After 235 

8.8°, the main natural flame luminosity comes from soot radiation. In comparison, the SOI=-7° case 236 



presents a main flame region around the combustion chamber wall showing high stratification and six 237 

separated vortex flame clouds. The blue-flame regions from 4.3° to 8.6° cannot approach the central part 238 

of the combustion chamber. More soot radiation from the injector dribbling appears. For the SOI=3° case, 239 

the natural flame luminosity intensity from the HCHR of n-heptane before 6° is too low to be detected using 240 

the current high-speed camera. From 6.3° to 7.8°, distinct six sooty flame jets appear, indicating the mixing-241 

controlled combustion of iso-octane during the PCHR period. Intense signal saturation happens after 8.5° 242 

showing the highest tendency of soot formation. These three cases indicate that the reaction of iso-octane 243 

changes from partially premixed combustion to mixing-controlled combustion when the HTHR varies from 244 

single-stage HTHR to two-stage HTHR. 245 

 246 

Fig. 7. Experimentally measured natural flame luminosity images at various crank angles.  247 

4.2.2 Heat release distribution and representative exothermic reactions 248 

Lu et al. [17] speculated that the PCHR process was dominated by the thermal atmosphere, active-249 

thermal atmosphere, or active atmosphere, based on the shapes of averaged heat release profiles, which 250 

however can not well explain how the ignition was initiated and the chemical interaction between the high- 251 

and low-reactivity fuels. In this section, the detailed chemical kinetics processes for the three typical ATAC 252 

cases were investigated using the proposed data-processing method. 253 

The predicted pressure and HRR profiles are compared with the experimental results in Fig. 6. A 254 

generally reasonable agreement can be observed, except that the peak heat release is over-predicted for the 255 



SOI=-27° case, probably owing to the assumption of a homogeneous mixture distribution of n-heptane and 256 

the omit of turbulence-chemistry interaction effect [51-53]. Figure 8 compares the predicted time evolutions 257 

of the normalized mass of NC7H16, IC8H18, formaldehyde (CH2O), hydroxyl radical (OH), carbon monoxide 258 

(CO), and peak temperature for the three ATAC cases. It demonstrates that the consumption processes of 259 

n-heptane for each case were quite similar, which started to be consumed after about -27° and was almost 260 

depleted before the top dead center (TDC). Note that the peak temperature before the TDC was lower than 261 

1100 K, indicating that n-heptane was primarily consumed through the low- and intermediate-temperature 262 

combustion processes. Meanwhile, during the comparatively mild consumption of n-heptane, CH2O and 263 

CO were also accumulated while the amount of OH remained at a low level until the rapid consumption of 264 

iso-octane, which led to the prompt heat release. 265 

 266 

Fig. 8. Time evolutions of NC7H16, IC8H18, CH2O, OH, CO, and peak temperature. 267 

Figures 9(a) and 9(b) show the predicted distributions of the temperature and recalculated chemical 268 

exothermic HRR for the three ATAC cases at a height of 10 mm below the cylinder head. Note that in Fig. 269 

9(b) only the HRR values higher than 100 J/m-3s-1 are presented. The modeling results are able to reasonably 270 

predict the combustion development processes with different SOI timings as shown by the natural flame 271 

luminosity in Fig. 9(a). The main heat release region gets much wider in space and approaches the central 272 

part of the combustion chamber with the advanced SOI timings. However, the intense stratified heat release 273 

phenomenon exists even for early SOI cases. Comparatively, the contribution of the heat release from the 274 

HCCI combustion of n-heptane is quite low. Therefore, the PCHR period is dominated by the combustion 275 

of iso-octane. High heat releases are primarily generated on the peripheries of the primary reacting kernels, 276 



where intense consumption of iso-octane happens. With the retardation of SOI, the primary reacting 277 

locations move further towards the upstream spray. 278 

 279 

Fig. 9. Comparison of the predicted distributions of (a) temperature and (b) exothermic HRR at various 280 

crank angles. The predicted results are on the plane 10 mm below the cylinder head. 281 

Figure 10 shows the predicted distributions of the REXR for the three ATAC cases. The heat release 282 

from the highly premixed regions is initially dominated by the reaction R345 (HCO+O2=CO+HO2) and 283 

turns to be R321 (H+O2(+M)=HO2(+M)) with the further increase of in-cylinder temperature. Since both 284 

R345 and R321 belong to the intermediate-temperature reactions and the equivalence ratio of the premixed 285 

mixture was low, the HRR from this region remained at a low level.  286 



 287 

Fig. 10. Predicted distributions of REXR reactions. 288 

More complicated heat release features are observed for the primary reacting regions. For the SOI=-289 

27° case, the intense heat release is dominated by R325 (HO2+OH=H2O+O2) at 3°. Surrounding the primary 290 

reacting kernels, heat releases are predominantly generated by R321 (H+O2(+M)=HO2(+M)), which 291 

promotes the formation of OH and promotes the further combustion process, during which the heat releases 292 

are dominated by R315 (H2+OH=H+H2O) and R316 (2OH=H2O+O). For the SOI=-7° case, the intense 293 

heat release is still dominated by R325 at 5°. However, within the primary reacting regions, the heat release 294 

is dominated by the reaction R38 (AC8H17+O2=>AC8H17O2), owing to low-temperature caused by the 295 

evaporating process of the spray, which is the similar case for the SOI=3° case. After 5°, the heat release is 296 

dominated by R315 and R316. However, within the primary reacting kernels, R178 297 

(C3H3+H(+M)=C3H4(+M)) also plays an important role. Note that this reaction prevents the further 298 

consumption of hydrocarbons, which would slow down the combustion rate and promote the formation of 299 

soot precursors like acetylene. As for the SOI=3° case, the heat release is primarily dominated by the 300 

reactions R169 (C3H5+H(+M)=C3H6(+M)) and R178 from 8° to 10°, indicating the highest sooting 301 

tendency. 302 



4.2.3 Chemical interaction between the low- and high-reactivity fuels 303 

The different direct injection timings lead to a different mixture-stratification condition that has a 304 

significant effect on the ignition process. This section intends to clarify the interaction process between 305 

low- and high- reactivity fuels. Special attention was focused on TDC, just before the HTHR period for the 306 

SOI=-27° case and during the HCHR period for the SOI=-7° and 3°cases, which represent the premixed, 307 

diffusion, and homogeneous combustion periods, respectively. 308 

Figure 11 compares the predicted distributions of the temperature-equivalence ratio in three different 309 

regions (piston, squish, and crevice). Comparatively, the SOI=-27° case exhibited the broadest equivalence 310 

ratio distribution, while the SOI=3° case remained almost at the same level owing to the homogenous 311 

condition. It is observed that some of the equivalence ratio values in the crevice region for the SOI=-27° 312 

case exceeding 0.28, indicating that the direct injection impinged onto the cylinder wall. Figure 12 shows 313 

the predicted probability density functions for the equivalence ratio at the TDC. The overall equivalence 314 

ratio (< 1.0) for the SOI=-27° case was lower than the SOI=-7° case, primarily due to the longer air-fuel 315 

mixing process. Noted that the highest temperature was observed in the piston for all of the three cases and 316 

the earlier direct injection timing resulted in the higher peak temperature, indicating the earlier ignition 317 

timing there. 318 

 319 

Fig. 11. Predicted temperature/equivalence ratio distributions in the three regions (piston, squish, and 320 

crevice) at 0° ATDC. 321 



 322 

Fig. 12. Predicted probability density functions for equivalence ratio at 0° ATDC. 323 

Figures 13 and 14 compare the predicted distributions of the mass fractions of NC7H16, IC8H18, CH2O, 324 

CO, and OH, and temperature, exothermic HRR, REXR reactions, and creation rate and RCR reactions of 325 

CH2O at the TDC with different SOI timings, respectively. Owing to the longer premixing process, the 326 

overall lower temperature and HRR are observed in the HCHR region for the SOI=-27° case. In addition, 327 

more non-reacting n-heptane was preserved together with iso-octane, owing to the cooling effect of the 328 

spray. Compared to the SOI=3° case, more CH2O and CO are produced with the early injection of iso-329 

octane. Differently, CH2O and CO are primarily yielded in the fuel abundant region for the SOI=-27° case 330 

while it is around the spray periphery for the SOI=-7° case with a high reactivity-stratification level. It is 331 

also seen that the heat releases in the regions where more n-heptane and iso-octane were preserved were 332 

dominated by the reactions R16 (C7H15-2+O2=>C7H15O2-2) and R38, respectively, both of which were 333 

belonging to the low-temperature reaction pathways. However, heat release at a higher temperature was 334 

dominated by the reaction R345, which laid the foundation for the intense high-temperature heat release 335 

process. 336 



 337 

Fig. 13. Comparison of the predicted distributions of the mass fractions of NC7H16, IC8H18, CH2O, CO, 338 

and OH at TDC with different SOI timings. 339 



 340 

Fig. 14. Comparison of the predicted distributions of temperature, exothermic HRR, REXR, and creation 341 

rate and RCR of CH2O at TDC with different SOI timings. 342 

Figure 15 depicts the predicted distributions of ignition delay and reactivity. The ignition delay is 343 

defined as the time interval when a 400 K-temperature growth is achieved and the reactivity is defined as 344 

𝜏𝑚𝑖𝑛/𝜏, in which 𝜏 is the predicted local ignition delay and 𝜏𝑚𝑖𝑛 is the minimum ignition delay in the whole 345 

computational domain of the three ATAC cases at the same time. We find that the distribution of reactivity 346 

is in agreement with CH2O, with the higher reactivity locating in the CH2O-rich regions, indicating that 347 



CH2O can represent the mixture reactivity. Figure 14 demonstrates that the formation of CH2O is dominated 348 

by the reaction R208 (C2H4+OH=CH2O+CH3) in the high-temperature region. However, it is dominated by 349 

the reaction R249 (CH2OH+O2=CH2O+HO2) for the SOI=-27° case in the iso-octane-rich region and by 350 

the reactions R294 (CH3O(+M)=CH2O+H(+M)) and R295 (CH3O+O2=CH2O+HO2) for the SOI=-7° case 351 

around the spray periphery region.  352 

 353 

Fig. 15. Predicted distributions of ignition delay and reactivity at TDC. 354 

Figures 16 and 17 compare the production rate of CH2O and average reaction pathways of n-heptane 355 

and iso-octane by integrating over the computational domain. The formation of CH2O is primarily generated 356 

from the consumption of n-heptane and dominated the reactions R208, R294, R171 (C3H5+HO2=C2H3+ 357 

CH2O+OH), R295, and R249. Note that the consumption of iso-octane promotes the formation of C3H5 that 358 

generates CH2O by the reactions R132 (HO2+IC4H6OH=CH2CCH2OH +CH2O+OH) and R133 359 

(CH2CCH2OH+O2=CH2O+ CH2OH+CO). 360 



 361 

Fig. 16. Comparison of the formation pathway of CH2O for the three ATAC cases at TDC. 362 

 363 

Fig. 17. Averaged reaction pathways over the computational domain of NC7H16 and IC8H18 at TDC. 364 

We take the example of the SOI=-7° case to further reveal the chemical interaction process between 365 

n-heptane and iso-octane. Figure 18 depicts the predicted distributions of the RDR of iso-octane and n-366 

heptane and RCR and RDR of hydroperoxyl radical (HO2) in the high-reactivity regions (ignition delay < 367 

0.8ms) at TDC. Both iso-octane and n-heptane are predominantly consumed via the H-abstraction reactions 368 

by HO2 through the reactions R28 (HO2+IC8H18=AC8H17+H2O2) and R9 (HO2+NC7H16=>C7H15-2+H2O2). 369 

HO2 is primarily generated from the reaction R345 and consumed by the reactions R28 and R327 370 

(2HO2=H2O2+O2). Figures 16 and 17 demonstrate that both CH2O and HO2 are predominantly yielded from 371 

the consumption of n-heptane, which promotes the consumption of iso-octane. On the other hand, the 372 

combustion of iso-octane further enhances the creation of reactive species (CH2O, HO2, and H2O2) that 373 



further accelerate the overall chemical reaction. Consequently, the interaction of these two factors 374 

dominates the primary combustion process for the ATAC strategy. 375 

 376 

Fig. 18. Predicted distributions of the RDR of IC8H18 and NC7H16, and RCR and RDR of HO2 for the SOI 377 

= -7° case at TDC. 378 

Based on the above discussion, we can conclude that the retardation of the iso-octane injection timing 379 

reduces the local mixture reactivity and weakens the chemical interaction between iso-octane and n-heptane. 380 

This produces lower heat release speed and peak pressure rise rate, and, objectively, results in the transition 381 

of ATAC from the two-stage ignition to the three-stage ignition.  382 

5. Conclusions 383 

The combustion process for the dual-fuel active-thermal atmosphere combustion strategy in an optical 384 

engine was investigated experimentally and numerically. The high-speed imaging technique was applied to 385 

visualize the natural flame luminosity during combustion and a data-processing method based on Cantera 386 

was proposed to investigate the detailed chemical kinetics process. Major conclusions are drawn as follows. 387 

The high-temperature heat release stage indicted by the natural flame luminosity changes from the 388 

partially premixed combustion with distinct blue flames (chemiluminescence) into the mixing-controlled 389 



combustion showing tremendous signs of soot radiation when the two-stage ignition transits into three-390 

stage ignition. 391 

The heat release from the regions of premixed n-heptane is initially dominated by reaction 392 

HCO+O2=CO+HO2 and turns into hydrogen-oxygen reactions with increasing in-cylinder temperature. In 393 

the primary reacting regions for the cases with latter injection timings, reactions C3H5+H(+M)=C3H6(+M) 394 

and C3H3+H(+M)=C3H4(+M) play the major role, which inhibits the clean combustion of hydrocarbons 395 

promotes the formation of soot precursors. 396 

We conclude that formaldehyde can represent the mixture reactivity for the dual-fuel combustion 397 

strategy. CH2O and HO2 are primarily generated by the reaction of the premixed n-heptane, which promotes 398 

the consumption of iso-octane. The other way around, the reaction of iso-octane also enhances the formation 399 

of reactive species that further accelerate the combustion process. Retardation of the iso-octane injection 400 

timing reduces the local mixture reactivity and weakens the chemical interaction between iso-octane and 401 

n-heptane. This lowers the heat release speed and peak pressure rise rate, and, objectively, results in the 402 

transition of two-stage ignition to three-stage ignition. 403 
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