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Abstract 8 

Natural gas (NG)-diesel dual-fuel combustion is an effective approach to reduce soot and 9 

greenhouse gas emissions and mitigate the liquid fossil fuel crisis. In this work, a comprehensive 10 

numerical study on the combustion and emission characteristics of a NG-diesel dual-fuel engine 11 

operating at the high load condition was performed. Six significant parameters such as the start of 12 

injection (SOI) timing, exhaust gas recirculation (EGR), injection and intake pressures, nozzle number, 13 

and NG substitution ratio were investigated. A pathway to achieve highly efficient and clean combustion 14 

was proposed. It was demonstrated that at least an EGR rate of 40% should be employed to meet the 15 

NOx Euro VI regulation limit. Although a higher injection pressure enhanced the diesel-air mixing 16 

process and promoted engine efficiency, the highest achievable engine efficiencies were similar using 17 

different injection pressures. An elevated intake pressure with an earlier SOI timing promoted the 18 

oxidation process. Therefore, it resulted in a lower combustion loss and thus higher engine efficiency. 19 

Furthermore, the increase of nozzle number effectively promoted the air utilization rate and expedited 20 

the combustion heat release, which resulted in a higher engine efficiency but lower soot emission. But 21 

the growing trend of engine efficiency was limited and a nozzle number of 11 was found to be the 22 



optimal option. Finally, a peak engine efficiency of about 47.6% was achieved with a NG substitution 23 

ratio of 95% and an optimized SOI timing, and meanwhile, both the NOx and soot emissions were 24 

below the Euro VI emission regulation limits. 25 

Keywords: Natural gas; Dual-fuel; Engine efficiency; Compression ignition; NOx emission 26 

Abbreviations 

ATDC After the top dead center LHV Lower heating value 

AMR Adaptive mesh refinement MPRR Maximum pressure rise rate 

CA Crank angle NC7H16 N-heptane 

CA50 
The crank angle when 50% of the 

total heat is released 
NG Natural gas 

CFD Computational fluid dynamics NO Nitrogen oxide 

CH4 Methane NOx Nitrogen oxides 

CI Compression ignition O2 Oxygen 

CO Carbon monoxide Phi Equivalence ratio 

CO2 Carbon dioxide PIVC The pressure at IVC timing 

DI Directly injected RANS 
Reynolds-averaged Navier-

Stokes 

EGR Exhaust gas recirculation RNG Renormalization group 

EVO Exhaust valve opening ROI Rate of injection 

HC Hydrocarbon RP NG substitution ratio 

HRR Heat release rate SI Spark-ignited 

ICE Internal combustion engine SOI Start of injection 

IMEP Indicated mean effective pressure THC Total hydrocarbon 

ITE Indicated thermal efficiency T Temperature 

IVC Intake valve closing 3D Three-dimensional 

KH-RT 
Kelvin-Helmholtz Rayleigh-

Taylor 
  

1. Introduction 27 

The internal combustion engines (ICEs) will continue acting a significant role in the transportation 28 

area in the foreseeing future [1]. The major challenge is that some kinds of engine-out emissions are 29 

detrimental to the environment and human health, such as nitric oxides (NOx), soot, carbon monoxide 30 

(CO), and hydrocarbons (HCs). Greenhouse gas emissions like carbon dioxide (CO2) are also getting 31 



worldwide attention, which is considered as one of the major sources of global warming. These decades, 32 

emission regulations have been enacted to restrict the fuel economy and harmful engine-out emissions. 33 

With more and more stringent emission regulations, the transportation industries have to seek cleaner 34 

and more efficient solutions for conventional engines, which typically consume diesel or gasoline. 35 

Furthermore, due to the great need for liquid fossil fuel consumption in both the industry and 36 

transportation areas, there addresses a significant concern of energy security, since many countries are 37 

heavily dependent on oil imports. As a result, there is an urge to develop an engine operating with an 38 

alternative fuel [2]. 39 

Natural gas (NG) has gained great attention owing to its globally rich reserve and low carbon 40 

content, which is widely employed in power generation, heating, and household cooking. Since NG is 41 

primarily composed of methane (CH4), much less soot is generated compared to the longer-chain liquid 42 

fossil fuels [3]. In the transportation sector, it can be directly employed to fuel the spark-ignited (SI) 43 

engine without significant modifications [4]. Besides, because NG has a lower reactivity and higher 44 

auto-ignition temperature than gasoline, compared to the conventional gasoline SI engine, the NG SI 45 

engine has a lower knocking tendency and thus theoretically a higher compression ratio and better fuel 46 

economy [5]. Compared to SI engines, compression ignition (CI) engines typically generate a higher 47 

thermal efficiency due to the higher compression ratio. As a result, the CI engine is preferred in areas 48 

like heavy-duty transportation, power generation, and agriculture [6, 7]. In NG CI engines, however, a 49 

directly injected (DI) high-reactivity fuel is needed to act as the ignition source, which belongs to a kind 50 

of dual-fuel combustion strategy [8, 9]. 51 

Dual-fuel NG/diesel CI engines have been recognized as an efficient solution to reduce both the 52 

NOx and soot emissions simultaneously while maintaining a reasonably high thermal efficiency [10, 53 



11]. One primary advantage is that they can be designed to operate intelligently on natural gas with a 54 

diesel pilot or on pure diesel depending on the various operating conditions [4]. Although the conversion 55 

of existing diesel engines into dual-fuel engines increases the complexity of the control system, it does 56 

not involve many modifications of the original engine setup [2]. Besides, by optimizing the injection 57 

parameters of both the NG and diesel fuel supply systems, a highly efficient and clean combustion 58 

process could be achieved [12, 13]. Therefore, for the marine engines and on-road truck engines that 59 

are sensitive to fuel economy and regulated emissions, the NG-diesel dual-fuel engine combustion 60 

concept has gained a great deal of interest [3, 14].  61 

In the past decades, numerous efforts have been taken to investigate the combustion fundamentals 62 

and emissions of NG-diesel dual-fuel engines [15-21]. The related research works have been 63 

systematically reviewed in [22, 23]. Papagiannakis and Hountalas [10, 24] studied the combustion and 64 

emissions features of the NG-diesel dual-fuel engine on a naturally aspirated single-cylinder diesel 65 

engine. They reported that the increase of NG proportion led to the reduction of engine efficiency and 66 

NO and soot emissions under a partial engine load, but the engine efficiency was improved under a 67 

higher engine load. Besides, no knocking phenomena were observed under a broad engine operating 68 

range. However, both the CO and HC emissions were higher compared to the conventional diesel 69 

combustion mode. Guo et al. [5] studied the effects of NG fraction, intake temperature and pressure, 70 

and engine speed on the combustion and emission characteristics of a modified single-cylinder NG-71 

diesel dual-fuel engine. It was demonstrated that the optimal NG fraction at low and medium loads 72 

should be 50% and 70%, respectively. Recently, Tarabet et al. [25] investigated the effect of H2 73 

enrichment on the combustion and emission characteristics of a single-cylinder NG-biodiesel dual-fuel 74 

engine. It was shown that the fuel consumption and CO and HC emissions could be effectively reduced 75 



with a 25% H2 blend compared to the pure NG case.  76 

Optical diagnostics techniques are effective tools to better understand the combustion 77 

fundamentals of the NG-diesel dual-fuel combustion strategy [26, 27]. Dronniou et al. [26] investigated 78 

the combustion process of the NG-diesel dual-fuel combustion strategy over a wide range of 79 

equivalence ratios on a single-cylinder optical engine. Both the time-resolved combustion luminosity 80 

and OH* chemiluminescence imaging results were obtained. It was found that at lower equivalence 81 

ratios the combustion of premixed methane was dominated by the diesel spray-combustion process, but 82 

at higher equivalence ratios the combustion was partially dominated by flame propagation. Ahmad et 83 

al. [27] investigated the effects of the methane and diesel quantities and initial charge temperature on 84 

the dual-fuel combustion process. Natural luminosity results showed that the dual-fuel combustion 85 

process could be roughly categorized into three stages, including the initial formation of flame kernels, 86 

the initial premixed combustion period, and the following premixed combustion period. Recently, Lee 87 

et al. [21] studied the effect of various NG substitution ratios on the combustion and soot emission 88 

features of the NG-diesel dual-fuel model on an optical engine. They further confirmed that the increase 89 

of the NG substitution ratio was able to effectively enhance the premixed combustion process and thus 90 

reduce the soot emission. 91 

Compared to the metal and optical engine experimental studies, three-dimensional computational 92 

fluid dynamics (3D CFD) simulation is a more flexible and efficient tool for the engine design process 93 

[28-30]. By coupling with the appropriate fuel combustion mechanism, it can well reproduce the fuel 94 

combustion and emission formation processes. Furthermore, since the modeling work is not limited by 95 

the engine size and extreme operating conditions, it can effectively expedite the engine design process 96 

and reduce relevant expenses. There have been many numerical works related to the NG-diesel dual-97 



fuel engine combustion [16, 30-33], but most of them were primarily focusing on the low- and middle- 98 

engine loads and few studies have been reported with the fuel indicated mean effective pressure (IMEP) 99 

of higher than 20 bar. At a lower engine load, the engine thermal efficiency and emissions could be 100 

more easily optimized by adjusting the injection strategy and other control parameters. However, at a 101 

high or full engine load, the dual-fuel combustion process is more sensitive to the control parameters 102 

and it is difficult to achieve both high engine efficiency and low emissions simultaneously.  103 

The novelty of this work is to investigate the effects of six significant parameters (start of injection 104 

timing, exhaust gas recirculation (EGR) rate, injection pressure, intake pressure, nozzle number, and 105 

NG substitution ratio) on the engine combustion performance and emissions of a NG-diesel dual-fuel 106 

combustion engine operating at a heavy-duty condition. By conducting an extensive parametric study, 107 

contour maps for the engine combustion performance and emissions were generated. Finally, a pathway 108 

to achieve highly efficient and low NOx and soot emissions was proposed. This work will provide 109 

valuable guidance for the practical engine design process. 110 

This work is organized as follows. First, a reduced n-heptane-methane mechanism was coupled 111 

with the CFD code to model the NG-diesel dual-fuel combustion. After validations, a comprehensive 112 

parametric study was conducted to assess their effects on the dual-fuel engine combustion performance 113 

and emissions. Note that for each parametric study case, the simulation results were transformed into 114 

contour maps to get the optimal point, which was then supplied as a baseline case for the next parametric 115 

study. The results of this work will be a good reference for the engine designers to achieve efficient and 116 

clean combustion of NG-diesel dual-fuel engines. 117 



2. Numerical model and validation 118 

2.1. Computational models 119 

Computations were performed using the Converge 3.0 code [34]. The Renormalization Group 120 

(RNG) k-ε model was employed to model turbulence [35]. The Lagrangian-parcel Eulerian-fluid 121 

approach was adopted to model spray development [36]. The Kelvin-Helmholtz Rayleigh-Taylor (KH-122 

RT) model was employed to model the droplet breakup [37]. The rate of injection profile was predicted 123 

using Xu et al.’s model [38]. A modified heat transfer model proposed by Han and Reitz was used to 124 

model heat transfer [39]. For combustion simulations, the detailed chemistry solver SAGE [40] coupled 125 

with a reduced methane-n-heptane mechanism proposed by our research group [41, 42] was employed. 126 

For simplicity, the combustion chemistries of methane (CH4) and n-heptane (NC7H16) were employed 127 

to represent those of NG and diesel, respectively, as recommended by the previous works [9, 12]. Note 128 

that the reduced mechanism was developed in a hierarchical structure based on detailed combustion 129 

mechanisms of C1-C3 hydrocarbons (Aramco 2.0) [43] and n-heptane [44], and it has been extensively 130 

validated against the measured fundamental (ignition delay, species concentration, and flame speed) 131 

and engine combustion data. Furthermore, a 12-step reduced NOx sub-mechanism [45] and an empirical 132 

Hiroyasu-NSC soot model [46, 47] were employed to predict NOx and soot emissions, respectively. 133 

Table 1 summarizes the primary sub-models used in this work. During the simulation, a closed-cycle 134 

starting from intake valve closing (IVC) timing to exhaust valve opening (EVO) timing was modeled 135 

with the assumption of an initial homogenous mixture distribution. 136 

Table 1. Primary sub-models used in this work. 

Description Model 

Turbulence  Renormalized (RNG) k-[35] 

Heat transfer Han and Reitz [39] 

Spray breakup KH-RT [37] 



Droplet collision No-time-counter algorithm [48] 

Chemistry SAGE [40] 

Soot Hiroyasu-NSC [46, 47] 

NOx Sun and Reitz [45] 

Due to the axisymmetric piston geometry, a sector mesh was employed to reduce computational 137 

expenses. Figure 1 illustrates the computational domain of a 51.4°-sector mesh, which represents a 7-138 

nozzle geometry. A base mesh size of 2.0 mm was employed, with fixed embedding regions imposed 139 

around the nozzle and all the wall boundaries. Additionally, the adaptive mesh refinement (AMR) 140 

module was activated with a maximum refined scale of 3.0 for velocity and temperature, which 141 

generated a minimum grid size of 0.25 mm. Based on the previous mesh-sensitivity investigations [29, 142 

49], the current mesh setup can obtain mesh-convergent results. 143 

 144 

Fig. 1. Computational domain for a 51.4°-sector mesh. 145 

2.2. Model validations 146 

The experiment performed by Walker [50] in a single-cylinder NG-diesel dual-fuel engine was 147 

employed for modeling validations. Note that the spray module parameters were based on our previous 148 

work, which were well validated against the Engine Combustion Network spray experimental data [51, 149 

52]. For the air motion, since we did not use the whole engine geometry, which has a huge impact on 150 

the in-cylinder flow patterns, it was not calibrated against the available data [53, 54]. Tables 2 and 3 list 151 

primary information of the engine and experiment, respectively. Briefly, the original heavy-duty 152 

Caterpillar Oil-Test Engine was modified for dual-fuel combustion research. In the experiment, the 153 



engine was running at 1300 rpm. The intake temperature and pressure were fixed at 313 K and 1 bar, 154 

respectively. The low-reactivity fuel (methane) was port-injected with an Alternative Fuel Systems 155 

gaseous port fuel injector and the high-reactivity fuel (n-heptane) was directly injected with a Bosch 156 

CRI2.2 common rail system. A single DI injection strategy was adopted. Besides, at a higher engine 157 

load, the DI SOI timing was slightly advanced and the methane substitution ratio was slightly increased 158 

to control the combustion phasing. The substitution ratio was defined as, 159 

𝑅𝑝 =
𝑚𝑝×𝐿𝐻𝑉𝑝

𝑚𝑝×𝐿𝐻𝑉𝑝+𝑚𝑑×𝐿𝐻𝑉𝑑
    (1) 160 

where 𝑚𝑝 and 𝑚𝑑 and 𝐿𝐻𝑉𝑝 and 𝐿𝐻𝑉𝑑 represent cyclic inject mass and lower heating value (LHV) 161 

for the port- and direct-injected fuel, respectively. Additionally, the overall equivalence ratio was 162 

calculated based on the measured intake air flow rate and injected masses for methane and n-heptane; 163 

it was defined as,  164 

𝜙 =
2∗𝑁(𝑐𝑎𝑟𝑏𝑜𝑛)+0.5∗𝑁(ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)

𝑁(𝑜𝑥𝑦𝑔𝑒𝑛)
  (2) 165 

where N(carbon), N(hydrogen), and N(oxygen) represent the total number of C, H, and O atoms within 166 

the fuel (methane and n-heptane) and O2, respectively. No EGR was employed in the experiment. More 167 

detailed descriptions of the experiment can be found in [50]. 168 

Table 2. Engine specifications [50]. 

Engine type Single-cylinder 

Displacement (L) 2.44 

Bore/stroke (mm) 137.2/165.1  

Connecting rod length (mm) 261.6 

Compression ratio 16.1:1 

Swirl ratio 0.7 

Intake valve close timing (°CA ATDC) -143 

Exhaust valve open timing (°CA ATDC) 130 

Common rail injector 7 holes, injection angle 148°, 0.141 mm 

 169 

Table 3. Engine operating conditions [50]. 



Engine speed (rpm) 1300 

Intake temperature (K) 313 

Intake pressure (bar) 1.0 

EGR rate (%) 0 

DI pressure (bar) 500 

DI fuel energy fraction (%) 5 to 3 

DI SOI timing (°CA ATDC) -18 to -10 

NG fuel energy fraction (%) 95 to 97 

NG SOI timing (°CA ATDC) Before the IVC timing 

 Figure 2 compares the experimental and predicted in-cylinder pressure and heat release rate (HRR) 170 

profiles at three different engine loads. The modeling is able to reasonably reproduce the experimental 171 

results. At a lower engine load, the peak HRR and combustion pressure are lower due to the lower fuel 172 

energy input. However, the higher initial premixed HRR is observed, owing to the lower pilot fuel mass 173 

and reactivity and the thus longer ignition delay. Note that at the highest engine load of  = 1.02, the 174 

initial premixed HRR is even merged with the following flame propagation process.  175 

Figures 3a and 3b compare the experimental and predicted indicated thermal efficiency (ITE), 176 

IMEP, and maximum pressure rise rate (MPRR), and NOx, CO, and total hydrocarbon (THC) emissions, 177 

respectively. Although there were some discrepancies for NOx prediction owing to the uncertainty of 178 

the reduced NOx sub-mechanism [45], the general trend was reasonably well reproduced. Since soot 179 

emission was significantly low for the highly-premixed dual-fuel combustion mode, it was not 180 

measured in the experiment and not included here. But it should be mentioned that the soot model 181 

parameters employed in this work have been well validated against the diesel combustion experimental 182 

data [7], so in the following sections, the predicted soot emissions will also be discussed, considering 183 

that soot emission will be a significant issue at the high engine load with a high EGR rate. 184 



 185 

Fig. 2. Comparison of the experimental [50] and predicted in-cylinder pressure and HRR profiles at 186 

various engine loads. 187 

 188 

Fig. 3. Comparison of the experimental [50] and predicted (a) ITE, IMEP, and MPRR and (b) NOx, 189 

CO, and THC emissions at various engine loads. 190 

Overall, the combustion performance and emissions results are reasonably captured by the 191 

simulation work. At a higher engine load, the ITE experiences a firstly growing and then relatively flat 192 



and finally declining trend. This is because a too lean or too rich mixture leads to a high amount of THC 193 

and CO emissions, which reduces the combustion efficiency significantly. The NOx emission has an 194 

obviously firstly growing and then declining trend, for which the peak value lies at about  = 0.85. At 195 

the higher equivalence ratio and engine load, the combustion temperature is higher but oxygen (O2) 196 

concentration is lower. The competition between these two factors results in lower NOx emissions at 197 

too lean or too rich conditions. Additionally, MPRR exhibits a generally growing trend due to the more 198 

rapid flame propagation rate at a higher equivalence ratio towards the stoichiometric condition. 199 

2.3. Parametric study cases 200 

After validations, a comprehensive parametric study of the NG-diesel dual fuel mode was 201 

conducted focusing on a high engine load. Table 4 summarizes the parametric cases. Six significant 202 

parameters were considered, including DI SOI timing, EGR, injection pressure, the pressure at IVC 203 

timing (PIVC), nozzle number, and NG substitution ratio (Rp). As shown in the table, in each round of 204 

parametric study, one optimized point was selected and taken as the base case for the next round. During 205 

simulations, the engine and intake temperature were kept the same as in the previous experiment. The 206 

total input fuel energy was set at 245 mg/cyc diesel-equivalent energy, which corresponds to a fuel 207 

IMEP of 21.5 bar with an assumed energy conversion efficiency of 50% [9]. Besides, a single DI 208 

injection strategy of diesel was employed and the DI SOI timing was swept from the unburnt region 209 

(ITE < 35%) to the high MPRR region (> 15 bar/deg). 210 

Table 4. Summary of the parametric cases. 

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 

EGR (%) 0-40 40 40 40 40 

Injection pressure (bar) 1000 800-1400 1000 1000 1000 

PIVC (bar) 3.0 3.0 2.8-3.4 3.4 3.4 

Nozzle number 7 7 7 7-12 11 

Rp (%) 90 90 90 90 80-95 



3. Results and discussion 211 

From the validation section, it is seen that NOx emission is a significant issue under low and middle 212 

engine loads, which significantly exceeds the European VI emission regulation limit (0.4 g/kW-h). 213 

Although there is a declining trend with a higher equivalence ratio, it comes with a sacrifice of fuel 214 

economy. Additionally, at a high engine load, soot emission may also become higher due to the larger 215 

amount of injected fuel. As a result, appropriate control strategies should be employed to inhibit NOx 216 

and soot emissions while simultaneously maintaining a good fuel economy. 217 

3.1. Effect of EGR rate 218 

EGR is an effective approach to restrict NOx formation, primarily owing to the thermal and dilution 219 

effects [55, 56]. To evaluate the effect of EGR on the NG-diesel dual-fuel combustion and emission 220 

characteristics, the EGR rate was swept from 0% to 40% and the SOI timing was swept from the unburnt 221 

region to the high MPRR region with the other parameters unchanged, as seen in Table 4. In the 222 

simulation, the EGR rate was defined as,  223 

𝐸𝐺𝑅 𝑟𝑎𝑡𝑒 =
𝐶𝑂2𝑖𝑛

𝐶𝑂2𝑜𝑢𝑡

    (3) 224 

where 𝐶𝑂2𝑖𝑛  and 𝐶𝑂2𝑜𝑢𝑡  represent the CO2 concentration from the intake and exhaust gases, 225 

respectively. Note that an elevated intake pressure that corresponds to a PIVC of 3.0 bar was employed 226 

to obtain a fuel-air mixture with an overall equivalence ratio () of about 1.0. The NG energy share was 227 

kept at 90%. The impact of PIVC on dual-fuel engine combustion will be further explored in Section 3.3. 228 

Figure 4 shows the predicted contours maps of (a) ITE and (b) CA50 (the crank angle at which 50% 229 

of the total heat is released) with variations of SOI timing and EGR rate. An earlier CA50 (combustion 230 

phasing) led to a higher ITE. At a fixed SOI timing, the combustion phasing was postponed and thus 231 

the ITE was reduced with a higher EGR rate, which resulted in the lower combustion temperature and 232 



longer ignition delay. Figure 5 compares the predicted pressure and HRR profiles at SOI = 6°CA ATDC 233 

with various EGR rates. Due to the higher specific heat capacity and lower oxygen concentration [57], 234 

a higher EGR rate postponed the combustion phasing and slowed down the flame propagation process, 235 

which led to higher combustion loss and lower engine efficiency. 236 

 237 

Fig. 4. Predicted contour maps of (a) ITE and (b) CA50 with variations of SOI timing and EGR rate. 238 

 239 

Fig. 5. Predicted in-cylinder pressure and HRR profiles at SOI = -6°CA ATDC with various EGR 240 

rates. 241 

Due to the limit of high MPRR, the maximum achievable ITE was lower with a higher EGR rate. 242 

A peak ITE of about 47.1% was achieved without EGR, while it was only about 45.3% at a 40% EGR 243 

rate. Figure 6 compares the predicted (a) in-cylinder pressure and HRR profiles, (b) average temperature 244 

profiles, (c) energy percentages, and (d)  - temperature (T) distributions with various EGR rates. Note 245 



that here different SOI timings were adopted to obtain the highest ITE at each EGR rate. Owing to the 246 

EGR effect, an earlier SOI timing could be used at a higher EGR rate, which resulted in the earlier 247 

combustion phasing (Fig. 6a). Although the average temperature was higher during the earlier 248 

combustion period, it was lower during the later combustion period due to the higher heat capacity and 249 

lower oxygen concentration (Fig. 6b), which led to higher combustion loss and thus lower engine work 250 

(Fig. 6c). Furthermore, due to the lower oxygen concentration at a higher EGR rate, there exist richer 251 

pockets originating from the slower diesel oxidation process (Fig. 6d), which promoted the soot 252 

emission. 253 

 254 

Fig. 6. Predicted (a) in-cylinder pressure and HRR profiles, (b) average temperature profiles, (c) 255 

energy percentages, and (d) -T distributions with various EGR rates. 256 

Figure 7 shows the predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions at 257 

various SOI timings and EGR rates. There exists an obvious trade-off relationship between NOx and 258 



other emissions. NOx emission was enhanced while the other emissions were reduced at a lower EGR 259 

rate and an earlier SOI timing, primarily owing to the higher combustion temperature and oxidation 260 

rate. Note that to meet the European VI emission regulation limit, an EGR rate of at least 40% should 261 

be employed, which, however, resulted in lower achievable ITE and excessive soot emission (higher 262 

than the regulated value of 10 mg/kW-h). Therefore, additional approaches should also be employed to 263 

further improve the fuel economy and reduce soot emissions. 264 

 265 

Fig. 7. Predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions with variations of 266 

SOI timing and EGR rate. 267 

3.2. Effect of injection pressure 268 

 High injection pressure can promote the liquid fuel-air mixing process and thereafter make the 269 

combustion process cleaner and more efficient [58]. For conventional diesel combustion engines, 270 



typically a high pressure like 1500 bar or even higher is adopted. But for the highly-premixed dual-fuel 271 

combustion mode it may not be the best choice considering the low amount of liquid fuel mass [9]. To 272 

get the optimal injection pressure for the NG-diesel dual-fuel combustion, this subsection intends to 273 

further evaluate the effect of various injection pressure on the dual-fuel engine combustion and emission 274 

characteristics. Based on Section 3.1, an EGR rate of 40% was employed and the injection pressure was 275 

swept from 800 to 1400 bar. The NG energy share was kept at 90%. Besides, the SOI timing was swept 276 

from the unburnt region to the high MPRR region with the other parameters unchanged. 277 

 Figure 8 shows the predicted contour maps of (a) ITE and (b) CA50 at various SOI timings and 278 

injection pressures. The higher injection pressure and earlier SOI timing led to the higher ITE owing to 279 

the earlier combustion phasing (CA50). Figure 9 compares the predicted in-cylinder pressure and HRR 280 

profiles at SOI = -10°CA ATDC with various injection pressures. Due to the promoted diesel-air mixing 281 

process, the higher injection pressure yielded the more intense premixed HRR, which also expedited 282 

the following flame propagation process. This is in agreement with the work of Yao et al. [59]. Therefore, 283 

at a fixed SOI timing, the higher injection pressure is beneficial for the improvement of fuel economy. 284 

 285 

Fig. 8. Predicted contour maps of (a) ITE and (b) CA50 with variations of SOI timing and injection 286 

pressure. 287 



 288 

Fig. 9. Predicted in-cylinder pressure and HRR profiles at SOI = -10°CA ATDC with various injection 289 

pressures. 290 

However, it is also seen in Fig. 8a that the highest achievable ITEs using various injection pressures 291 

are at a similar level. To clarify the result, Fig. 10 shows the predicted (a) in-cylinder pressure and HRR 292 

profiles, (b) energy percentages, and (c)  - T distributions with various injection pressures. Note that 293 

different SOI timings were adopted here to achieve the peak ITE at each injection pressure. Due to the 294 

earlier SOI timing with lower injection pressure, the ignition was advanced compared to the cases with 295 

higher injection pressure. Besides, the disadvantage of the slower diesel-air mixing process using a 296 

lower injection pressure was compensated by the longer ignition delay and thus longer mixing time. As 297 

a result, by adjusting the SOI timing, even the case with a lower injection pressure could yield a similar 298 

combustion performance as the case with a higher injection pressure (Fig. 10b). However, in Fig. 10a, 299 

we can still see that the higher injection pressure resulted in the higher peak HRR during the flame 300 

propagation process, primarily owing to the faster spray penetration and better mixing process, which 301 

is substantiated by Figs. 10c and 11. It demonstrates that the case with a higher injection pressure 302 

yielded faster flame propagation and overall higher combustion temperature. 303 



 304 

Fig. 10. Predicted (a) in-cylinder pressure and HRR profiles, (b) energy percentages, and (c) -T 305 

distributions with various injection pressures. 306 

 307 

Fig. 11. Comparison of predicted temperature distribution at 10° CA ATDC with various injection 308 

pressures. 309 

Figure 12 shows the predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions 310 



at various SOI timings and injection pressures. The trade-off relationship between NOx and the other 311 

emissions still existed even with the highest injection pressure. Higher injection pressure and an earlier 312 

injection timing yielded higher NOx emission but lower soot, CO, and THC emissions, primarily due 313 

to the earlier combustion phasing and higher combustion temperature. Note that using an EGR rate, 314 

NOx emissions for all the cases could meet the regulation limit (0.4 g/kW-h). Although a higher 315 

injection pressure could effectively reduce soot emission, the improvement was still limited and the 316 

lowest soot emission was always above the regulation limit (10 mg/kW-h).  317 

 318 

Fig. 12. Predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions with variations 319 

of SOI timing and injection pressure. 320 

3.3. Effect of PIVC 321 

To further improve the engine combustion performance and soot emission, in this subsection, 322 



intake pressure was taken as the research target. Since this is a closed-cycle simulation, PIVC was swept 323 

from 2.8 to 3.4 bar, which led to an overall equivalence ratio from about 1.1 to 0.8. Considering that 324 

only a slight improvement of engine thermal efficiency and soot emission was obtained using a high 325 

injection pressure, in the following simulation cases only an injection pressure of 1000 bar was 326 

employed. The NG energy share was kept at 90%. The SOI timing was swept from the unburnt region 327 

to the high MPRR region. The other parameters were kept unchanged, as seen in Table 4. 328 

Figure 13 shows the predicted contour maps of (a) ITE and (b) CA50 at various SOI timings and 329 

PIVCs. The higher PIVC led to the higher ITE with an SOI timing earlier than -8°CA ATDC. A peak ITE 330 

of 46.4% was obtained with PIVC = 3.4 bar and SOI = -11.5 °CA ATDC. However, CA50 did not change 331 

much.  332 

 333 

Fig. 13. Predicted contour maps of (a) ITE and (b) CA50 with variations of SOI timing and PIVC. 334 

To clarify the result, Fig. 14 illustrates the (a) in-cylinder and HRR profiles and (b) energy 335 

percentages, and Fig. 15 illustrates the predicted distributions of (a) temperature and (b) equivalence 336 

ratio. It demonstrates that cases with different PIVCs exhibited overall similar combustion HRRs, as seen 337 

in Fig. 14a. The primary difference is that the higher intake pressure came with the higher O2 338 

concentration, as seen in Fig. 15b, which enhanced the oxidation process and reduced the combustion 339 



loss. Therefore, a higher intake pressure generated a better fuel economy, which is in agreement with 340 

the work of Meng et al. [60]. Additionally, a higher intake pressure also yielded a higher total mass and 341 

thus a higher total heat capacity, which resulted in a lower combustion temperature, as seen in Fig. 15a. 342 

 343 

Fig. 14. Predicted (a) in-cylinder pressure and HRR profiles and (b) energy percentages with various 344 

PIVCs. 345 

 346 

Fig. 15. Comparison of predicted distributions of temperature, , and NO and soot mass fractions at 347 

12° CA ATDC with various PIVCs. 348 



 349 

Fig. 16. Predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions with variations 350 

of SOI timing and PIVC. 351 

Figure 16 shows the predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions 352 

at various SOI timings and PIVCs. At a fixed SOI timing, primarily due to the higher O2 concentration, 353 

the higher PIVC led to the higher NOx emission but the lower soot emission, which is also seen in Figs. 354 

15c and 15d. Although the overall combustion temperature was lower with a higher PIVC, the NO 355 

formation was still higher owing to the more significant O2 effect. Note that at a PIVC of 3.4 bar, soot 356 

emission was possible to be reduced below the regulation limit (10 mg/kW-h) with a SOI timing of 357 

earlier than -11°CA ATDC. Recall in Fig. 13 that at a fixed SOI timing later than -8°CA ATDC, an 358 

initially growing and then declining trend is observed for ITE with a higher PIVC, despite the slightly 359 

changed combustion phasing. The initial growing trend is owing to the higher O2 concentration and thus 360 



the lower combustion loss. But a too lean mixture (high PIVC) led to a too low temperature and thus 361 

higher CO and THC emissions, as also seen in Fig. 3b, which yielded the higher combustion loss 362 

eventually. 363 

3.4. Effect of nozzle number 364 

In the previous subsection, it is demonstrated that a PIVC of 3.4 bar is able to achieve a noticeable 365 

improvement in both the engine efficiency and soot emission while maintaining a relatively low NOx 366 

emission. Based on that, this subsection intends to further optimize the NG-diesel dual-fuel combustion 367 

by exploring the effects of various nozzle numbers. The NG energy share was kept at 90%. For the 368 

parametric simulation study, six nozzle numbers ranging from 7 to 12 were evaluated and the SOI timing 369 

was swept from the unburnt region to the high MPRR region with the other parameters unchanged. 370 

Figure 17 shows the predicted contour maps of (a) ITE and (b) CA50 at various SOI timings and 371 

nozzle numbers. At a fixed SOI timing, the higher nozzle number yielded a higher ITE owing to the 372 

advanced combustion phasing (CA50). Note that a peak ITE of about 47.1% was achieved with a nozzle 373 

number of 11 and SOI timing of -10°CA ATDC. However, the growing trend was weakened when the 374 

nozzle number exceeded 10. To clarify the result, Fig. 18 compares the predicted (a) in-cylinder pressure 375 

and HRR profiles, (b) energy percentages, (c) average temperature profiles, and (d) - T distributions 376 

with various nozzle numbers. As seen in Fig. 18a, the increase of nozzle number promoted the initial 377 

premixed heat release and the following flame propagation processes, but the combustion ignition 378 

timing and HRR were fairly affected with a nozzle number higher than 10, which can also be observed 379 

in Fig. 18c. Figure 18b shows that the improvement of engine efficiency with more nozzles was 380 

primarily due to lower combustion loss. As seen in Fig. 18d, this is because the higher nozzle number 381 

resulted in a better and faster diesel-air mixing process, which enhanced the combustion heat release 382 



and promoted the oxidation of CO and HCs. 383 

 384 

Fig. 17. Predicted contour maps of (a) ITE and (b) CA50 with variations of SOI timing and nozzle 385 

number. 386 

 387 

Fig. 18. Predicted (a) in-cylinder pressure and HRR profiles, (b) energy percentages, (c) average 388 

temperature profiles, and (d) - T distributions with various nozzle numbers. 389 

Figure 19 shows the predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions 390 



with various SOI timings and nozzle numbers. At a fixed SOI timing, the higher nozzle number resulted 391 

in higher NOx emission but lower soot, CO, and THC emissions, owing to the promoted diesel-air 392 

mixing process. Note that over the whole operating range, NOx emission was always below the 393 

emission regulation limit (0.4 g/kW-h). Additionally, soot emission was reduced significantly compared 394 

to the baseline case with a nozzle number of 7. Therefore, with a nozzle number higher than 10, it is 395 

much easier to meet the emission regulation limit (10 mg/kW-h) by adjusting the injection strategy. 396 

However, even with a high nozzle number and earlier SOI timing, CO and THC emissions were always 397 

beyond the emission regulation levels (1.5 and 0.13 g/kW-h), which is a common issue for dual-fuel 398 

engines and will need further optimization approaches.  399 

 400 

Fig. 19. Predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions with variations 401 

of SOI timing and nozzle number. 402 



3.5. Effect of Rp 403 

 This subsection intends to further evaluate the effect of the NG substitution ratio on the NG-diesel 404 

dual-fuel combustion. A nozzle number of 11 is selected as the baseline case since it demonstrated the 405 

best combustion performance within the operating range. Four different Rp values ranging from 80% to 406 

95% were employed and compared. Besides, the SOI timing was swept from the unburnt region to the 407 

high MPRR region. Details of the other parameters are summarized in Table 4. 408 

 409 

Fig. 20. Predicted contour maps of (a) ITE and (b) CA50 with variations of SOI timing and Rp value. 410 

 411 

Fig. 21. Predicted (a) in-cylinder pressure and HRR profiles and (b) energy percentages with various 412 

Rp values. 413 

Figure 20 shows the predicted contour maps of (a) ITE and (b) CA50 at various SOI timings and 414 

Rp values. At a fixed SOI timing, ITE exhibited a firstly growing and then declining trend with the 415 



increase of NG substitution ratio, although the combustion phasing (CA50) demonstrated a postponed 416 

trend. To clarify the result, Fig. 21 shows the predicted (a) in-cylinder and HRR profiles and (b) energy 417 

percentages, and Fig. 22 shows the predicted distributions of temperature and equivalence ratio for 418 

cases with various Rp values at the same SOI timing of -8°CA ATDC. Note that the increase of liquid 419 

fuel promoted the combustion heat release and temperature during the flame propagation process, which 420 

led to the more advanced combustion phasing, as seen in Figs. 21a and 22, in agreement with the work 421 

of Yousefi et al. [61]. However, the higher amount of liquid fuel yielded the leaner ambient NG-air 422 

mixture distribution, which was detrimental for the full oxidation of CO and HCs. Therefore, the 423 

competition between these two factors resulted in the lowest combustion loss and thus highest engine 424 

efficiency at a RP value of 85%.  425 

 426 

Fig. 22. Comparison of predicted temperature, equivalence ratio, and NO and soot mass fractions at 427 

10° CA ATDC with various Rp values. 428 

Figure 23 shows the predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions 429 

with various SOI timings and Rp values. As observed in Fig. 22, at a fixed SOI timing, the higher NG 430 



substitution ratio yielded the overall lower combustion temperature and leaner mixture within the diesel 431 

spray-flame region. As a result, it resulted in lower NOx and soot emissions simultaneously, relieving 432 

the NOx-soot trade-off relationship. With a Rp value of higher than 90%, the engine was able to meet 433 

both of these two emission regulation limits while maintaining high thermal efficiency. Note that with 434 

a Rp value of 95% and a SOI timing of -12°CA ATDC, a peak ITE of about 47.6% was achieved. As for 435 

CO and THC emissions, as with the trend of combustion loss as shown in Fig. 21b, they both 436 

demonstrated a firstly declining and then growing trend with the increase of Rp value. Besides, even 437 

with the optimized parameters, it was still difficult to meet the regulation limits of these two emissions. 438 

Therefore, to further reduce the CO and THC emissions, more optimization methods such as a split 439 

injection strategy should be employed in the future. 440 

 441 

Fig. 23. Predicted contour maps of (a) NOx, (b) soot, (c) CO, and (d) THC emissions with variations 442 



of SOI timing and Rp value. 443 

3.5. Summary 444 

 Figure 24 summarizes the parametric simulation study of this work, which illustrates the (a) 445 

primary design parameters, (b) ITE and NOx and soot emissions, and (c) ITE improvement for each 446 

step-wide optimal case. Although no EGR combustion (baseline Case 1) was able to generate high 447 

thermal efficiency, NOx emission was far beyond the emission regulation limit (0.4 g/kW-h). With a 448 

40% EGR rate (Case 2), NOx emission was reduced to about 0.32 g/kW-h, which, however, was at a 449 

sacrifice of engine efficiency and higher soot emission. To further promote the engine combustion 450 

performance, higher intake pressure (Case 3) and addition of nozzle number (Case 4) were employed, 451 

which yielded an ITE improvement of 2.4 and 1.5% (relative proportion), respectively. Besides, NOx 452 

and soot emissions were well controlled under 0.4 and 0.01 g/kW-h, respectively. Eventually, with an 453 

increase of NG substitution ratio from 90 to 95% (Case 5), engine efficiency was further promoted by 454 

1%. 455 

Note that in this work, natural gas was injected through the intake port, which resulted in lower 456 

volumetric efficiency compared to the NG direct-injection method; this would be worse at a high EGR 457 

rate. Therefore, a high intake pressure should be needed to make sure of the clean combustion process. 458 

In the future, the NG direct-injection method will be further explored and compared to the port-injection 459 

method. 460 



 461 

(a) Primary design parameters. 462 

 463 

(b) ITE and NOx and soot emissions. 464 

 465 

(c) ITE improvement. 466 

Fig. 24. Summary of the (a) primary design parameters, (b) ITE and NOx and soot emissions, and (c) 467 

ITE improvement for each step-wise optimal case. 468 

4. Conclusions 469 

This work performed a numerical study on the combustion and emission characteristics of a heavy-470 

duty NG-diesel dual-fuel engine. The primary novelty and contribution of this work are to evaluate the 471 



effects of six significant factors (DI SOI timing, EGR, injection pressure, intake pressure, nozzle 472 

number, and NG substitution ratio) on the dual-fuel engine combustion performance and emissions 473 

running at a heavy-duty condition. Based on the simulations, a pathway to achieve clean and efficient 474 

combustion was proposed. The major conclusions are summarized as follows: 475 

Various control parameters had a significant effect on the physical mixing, thermal ignition, and 476 

combustion development processes. Of these investigated parameters, higher EGR was the most 477 

efficient approach to reduce NOx emission, while higher intake pressure was the most effective 478 

approach to promote engine efficiency and reduce soot emission. 479 

A higher injection pressure led to a higher injection velocity, which accordingly promoted the fuel-480 

air mixing and combustion heat release processes. However, this resulted in a high pressure rise rate, 481 

which limited the highest achievable engine efficiency. Comparatively, the increase of the nozzle 482 

number was found to be a better solution to further improve engine efficiency. By introducing more 483 

nozzles, the air-utilization rate was promoted and combustion duration was shortened, which was 484 

beneficial for the reduction of combustion loss and soot emission. 485 

By employing a high EGR rate of 40%, PIVC of 3.4 bar, nozzle number of 11, and NG substitution 486 

ratio of 95%, a peak engine efficiency of about 47.6% was achieved. Besides, both NOx and soot 487 

emissions were below emission regulation limits. However, to further reduce CO and THC emissions, 488 

more optimization approaches are needed in the future. 489 

Acknowledgments 490 

This work was sponsored by the National Natural Science Found of China through its Projects 491 

51921004 and 51876140. Additionally, we would like to thank Convergent Science, CEI, and 492 

Mathworks. 493 



References 494 

[1] R.D. Reitz, H. Ogawa, R. Payri, T. Fansler, S. Kokjohn, Y. Moriyoshi, A. Agarwal, et al., IJER 495 

editorial: The future of the internal combustion engine, Int. J. Engine Res. 21 (2020) 3-10. 496 

[2] Z. Wu, Z. Han, Micro-GA optimization analysis of the effect of diesel injection strategy on natural 497 

gas-diesel dual-fuel combustion, Fuel 259 (2020) 116288. 498 

[3] J. Li, J. Wang, T. Liu, J. Dong, B. Liu, C. Wu, Y. Ye, et al., An Investigation of the Influence of Gas 499 

Injection Rate Shape on High-Pressure Direct-Injection Natural Gas Marine Engines, Energies 12 (2019) 500 

2571. 501 

[4] C.S. Weaver, S.H. Turner, Dual fuel natural gas/diesel engines: technology, performance, and 502 

emissions, SAE Technical Paper, 1994, 940548. 503 

[5] H. Guo, W.S. Neill, B. Liko, An experimental investigation on the combustion and emissions 504 

performance of a natural gas–diesel dual fuel engine at low and medium loads, Proceedings of the 505 

ASME 2015 Internal Combustion Engine Division Fall Technical Conference. Volume 1: Large Bore 506 

Engines; Fuels; Advanced Combustion. Houston, Texas, USA, 2015, V001T03A005. 507 

[6] X. Liu, H. Wang, X. Wang, Z. Zheng, M. Yao, Experimental and modelling investigations of the 508 

diesel surrogate fuels in direct injection compression ignition combustion, Appl. Energy 189 (2017) 509 

187-200. 510 

[7] X. Liu, H. Aljabri, B. Mohan, R. Babayev, J. Badra, B. Johansson, H.G. Im, A numerical 511 

investigation of isobaric combustion strategy in a compression ignition engine, Int. J. Engine Res. 0 512 

(2020) 1468087420970376. 513 

[8] Y. Zhang, S.C. Kong, R.D. Reitz, Modeling and simulation of a dual fuel (diesel/natural gas) engine 514 

with multidimensional CFD, SAE Technical Paper, 2003, 2003-01-0755. 515 



[9] D.E. Nieman, A.B. Dempsey, R.D. Reitz, Heavy-duty RCCI operation using natural gas and diesel, 516 

SAE Int. J. Engines 5 (2012) 270-285. 517 

[10] R.G. Papagiannakis, D.T. Hountalas, Experimental investigation concerning the effect of natural 518 

gas percentage on performance and emissions of a DI dual fuel diesel engine, Appl. Therm. Eng. 23 519 

(2003) 353-365. 520 

[11] S. Singh, S.-C. Kong, R.D. Reitz, S.R. Krishnan, K.C. Midkiff, Modeling and experiments of dual-521 

fuel engine combustion and emissions, SAE Technical Paper, 2004, 2004-01-0092. 522 

[12] M. Li, X. Zheng, Q. Zhang, Z. Li, B. Shen, X. Liu, The effects of partially premixed combustion 523 

mode on the performance and emissions of a direct injection natural gas engine, Fuel 250 (2019) 218-524 

234. 525 

[13] A. Yousefi, H. Guo, M. Birouk, Effect of diesel injection timing on the combustion of natural 526 

gas/diesel dual-fuel engine at low-high load and low-high speed conditions, Fuel 235 (2019) 838-846. 527 

[14] H. Wang, H. Gan, G. Theotokatos, Parametric investigation of pre-injection on the combustion, 528 

knocking and emissions behaviour of a large marine four-stroke dual-fuel engine, Fuel 281 (2020) 529 

118744. 530 

[15] E. Doosje, F. Willems, R. Baert in: Experimental Demonstration of RCCI in Heavy-Duty Engines 531 

using Diesel and Natural Gas, SAE World Congress, 2014; 2014. 532 

[16] E. Mattarelli, C.A. Rinaldini, V.I. Golovitchev, CFD-3D Analysis of a Light Duty Dual Fuel 533 

(Diesel/Natural Gas) Combustion Engine, Energy Procedia 45 (2014) 929-937. 534 

[17] N.R. Walker, M.L. Wissink, D.V. Dan, R.D. Reitz, Natural Gas for High Load Dual-Fuel Reactivity 535 

Controlled Compression Ignition (RCCI) in Heavy-Duty Engines, ASME 2014 Internal Combustion 536 

Engine Division Fall Technical Conference, 2014, ICEF2014-5620. 537 



[18] Z. Jia, I. Denbratt, Experimental Investigation of Natural Gas-Diesel Dual-Fuel RCCI in a Heavy-538 

Duty Engine, Appl. Biochem. Microbiol. 8 (2015) 797-807. 539 

[19] G. McTaggart-Cowan, K. Mann, J. Huang, A. Singh, B. Patychuk, Z.X. Zheng, S. Munshi, Direct 540 

injection of natural gas at up to 600 bar in a pilot-ignited heavy-duty engine, SAE Technical Paper, 541 

2015, 2015-01-0865. 542 

[20] Z. Wang, Z. Zhao, D. Wang, M. Tan, Y. Han, Z. Liu, H. Dou, Impact of pilot diesel ignition mode 543 

on combustion and emissions characteristics of a diesel/natural gas dual fuel heavy-duty engine, Fuel 544 

167 (2016) 248-256. 545 

[21] C.-f. Lee, Y. Pang, H. Wu, K. Nithyanandan, F. Liu, An optical investigation of substitution rates 546 

on natural gas/diesel dual-fuel combustion in a diesel engine, Appl. Energy 261 (2020) 114455. 547 

[22] M.I. Khan, T. Yasmeen, M.I. Khan, M. Farooq, M. Wakeel, Research progress in the development 548 

of natural gas as fuel for road vehicles: A bibliographic review (1991–2016), Renew. Sust. Energ. Rev. 549 

66 (2016) 702-741. 550 

[23] L. Wei, P. Geng, A review on natural gas/diesel dual fuel combustion, emissions and performance, 551 

Fuel Process. Technol. 142 (2016) 264-278. 552 

[24] R.G. Papagiannakis, C.D. Rakopoulos, D.T. Hountalas, D.C. Rakopoulos, Emission characteristics 553 

of high speed, dual fuel, compression ignition engine operating in a wide range of natural gas/diesel 554 

fuel proportions, Fuel 89 (2010) 1397-1406. 555 

[25] L. Tarabet, M.S. Lounici, K. Loubar, K. Khiari, R. Bouguessa, M. Tazerout, Hydrogen 556 

supplemented natural gas effect on a DI diesel engine operating under dual fuel mode with a biodiesel 557 

pilot fuel, Int. J. Hydrogen Energy 43 (2018) 5961-5971. 558 

[26] N. Dronniou, J. Kashdan, B. Lecointe, K. Sauve, D. Soleri, Optical Investigation of Dual-fuel 559 



CNG/Diesel Combustion Strategies to Reduce CO2 Emissions, SAE Technical Paper, 2014, 2014-01-560 

1313. 561 

[27] Z. Ahmad, O. Kaario, C. Qiang, V. Vuorinen, M. Larmi, A parametric investigation of 562 

diesel/methane dual-fuel combustion progression/stages in a heavy-duty optical engine, Appl. Energy 563 

251 (2019) 113191. 564 

[28] X. Liu, H. Wang, Z. Zheng, J. Liu, R.D. Reitz, M. Yao, Development of a combined reduced 565 

primary reference fuel-alcohols (methanol/ethanol/propanols/butanols/n-pentanol) mechanism for 566 

engine applications, Energy 114 (2016) 542-558. 567 

[29] X. Liu, S. Kokjohn, Y. Li, H. Wang, H. Li, M. Yao, A numerical investigation of the combustion 568 

kinetics of reactivity controlled compression ignition (RCCI) combustion in an optical engine, Fuel 241 569 

(2019) 753-766. 570 

[30] Y. Li, H. Li, H. Guo, Y. Li, M. Yao, A numerical investigation on methane combustion and 571 

emissions from a natural gas-diesel dual fuel engine using CFD model, Appl. Energy 205 (2017) 153-572 

162. 573 

[31] A.K. Amjad, R. Khoshbakhi Saray, S.M.S. Mahmoudi, A. Rahimi, Availability analysis of n-574 

heptane and natural gas blends combustion in HCCI engines, Energy 36 (2011) 6900-6909. 575 

[32] P. Zoldak, A. Sobiesiak, M. Bergin, D.D. Wickman, Computational study of reactivity controlled 576 

compression ignition (RCCI) combustion in a heavy-duty diesel engine using natural gas, SAE 577 

Technical Paper, 2014, 2014-01-1321. 578 

[33] A. Yousefi, H. Guo, M. Birouk, Effect of swirl ratio on NG/diesel dual-fuel combustion at low to 579 

high engine load conditions, Appl. Energy 229 (2018) 375-388. 580 

[34] K. Richards, P. Senecal, E. Pomraning, CONVERGE (v2.3), Madison (WI): Convergent Science. 581 



[35] Z. Han, R.D. Reitz, Turbulence modeling of internal combustion engines using RNG k-ε models, 582 

Combust. Sci. Technol. 106 (1995) 267-295. 583 

[36] P.K. Senecal, E. Pomraning, K.J. Richards, S. Som, An investigation of grid convergence for spray 584 

simulations using an LES turbulence model, SAE Technical Paper, 2013, 2013-01-1083. 585 

[37] L.M. Ricart, R.D. Reitz, J.E. Dec, Comparisons of diesel spray liquid penetration and vapor fuel 586 

distributions with in-cylinder optical measurements, J. Eng. Gas Turbines Power 122 (2000) 588-595. 587 

[38] L. Xu, X.-S. Bai, M. Jia, Y. Qian, X. Qiao, X. Lu, Experimental and modeling study of liquid fuel 588 

injection and combustion in diesel engines with a common rail injection system, Appl. Energy 230 589 

(2018) 287-304. 590 

[39] Z. Han, R.D. Reitz, A temperature wall function formulation for variable-density turbulent flows 591 

with application to engine convective heat transfer modeling, Int. J. Heat Mass Transfer 40 (1997) 613-592 

625. 593 

[40] P.K. Senecal, E. Pomraning, K.J. Richards, T.E. Briggs, C.Y. Choi, R.M. McDavid, M.A. Patterson, 594 

Multi-dimensional modeling of direct-injection diesel spray liquid length and flame lift-off length using 595 

CFD and parallel detailed chemistry, SAE Technical Paper, 2003, 2003-01-1043. 596 

[41] J. Li, X. Liu, H. Liu, Y. Ye, H. Wang, J. Dong, B. Liu, et al., Kinetic Study of the Ignition Process 597 

of Methane/n-Heptane Fuel Blends under High-Pressure Direct-Injection Natural Gas Engine 598 

Conditions, Energy Fuels 34 (2020) 14796-14813. 599 

[42] B. Yan. Development and research on the combustion system of natural gas engine based on 600 

stoichiometric operation mode. Ph.D. Thesis, Tianjin Univ., 2017. 601 

[43] W.K. Metcalfe, S.M. Burke, S.S. Ahmed, H.J. Curran, A hierarchical and comparative kinetic 602 

modeling study of C1-C2 hydrocarbon and oxygenated fuels, Int. J. Chem. Kinet. 45 (2013) 638-675. 603 



[44] M. Mehl, W.J. Pitz, C.K. Westbrook, H.J. Curran, Kinetic modeling of gasoline surrogate 604 

components and mixtures under engine conditions, Proc. Combust. Inst. 33 (2011) 193-200. 605 

[45] Y. Sun, R.D. Reitz, Modeling diesel engine NOx and soot reduction with optimized two-stage 606 

combustion, SAE Technical Paper, 2006, 2006-01-0027. 607 

[46] H. Hiroyasu, T. Kadota, M. Arai, Development and use of a spray combustion modeling to predict 608 

diesel engine efficiency and pollutant emissions (Part I: Combustion modeling), JSMEB 26 (1983) 569-609 

575. 610 

[47] J. Nagle, R.F. Strickland-Constable, Oxidation of carbon between 1000-2000℃, Proceedings of 611 

the Fifth Conference on Carbon, Pergamon, 1962, 154-164. 612 

[48] D.P. Schmidt, C.J. Rutland, A new droplet collision algorithm, J. Comput. Phys. 164 (2000) 62-80. 613 

[49] Q. Tang, X. Liu, H. Liu, H. Wang, M. Yao, Investigation on the dual-fuel active-thermal atmosphere 614 

combustion strategy based on optical diagnostics and numerical simulations, Fuel 276 (2020) 118023. 615 

[50] N.R. Walker. Natural gas for advanced dual-fuel combustion strategies. Ph.D. Thesis, University 616 

of Wisconsin-Madison, 2016. 617 

[51] X. Liu, S. Kokjohn, H. Wang, M. Yao, A comparative numerical investigation of reactivity 618 

controlled compression ignition combustion using Large Eddy Simulation and Reynolds-Averaged 619 

Navier-Stokes approaches, Fuel 257 (2019) 116023. 620 

[52] X. Liu, H. Wang, Y. Zhang, M. Yao, A numerical investigation on the chemical kinetics process of 621 

a reacting n-dodecane spray flame under compression ignition combustion condition, Energy Fuels 33 622 

(2019) 11899-11912. 623 

[53] H. Chen, M. Xu, D.L. Hung, H. Zhuang, Cycle-to-cycle variation analysis of early flame 624 

propagation in engine cylinder using proper orthogonal decomposition, Exp. Therm Fluid Sci. 58 (2014) 625 



48-55. 626 

[54] H. Chen, H. Zhuang, D.L. Reuss, V. Sick, Influence of early and late fuel injection on air flow 627 

structure and kinetic energy in an optical SIDI engine, SAE Technical Paper, 2018, 2018-01-0205. 628 

[55] M. Sjöberg, J.E. Dec, W. Hwang, Thermodynamic and chemical effects of EGR and its constituents 629 

on HCCI autoignition, SAE Technical Paper, 2007, 2007-01-0207. 630 

[56] X. Liu, H. Wang, M. Yao, Investigation of the chemical kinetics process of diesel combustion in a 631 

compression ignition engine using the large eddy simulation approach, Fuel 270 (2020) 117544. 632 

[57] W. Hardy, R. Reitz, A study of the effects of high EGR, high equivalence ratio, and mixing time 633 

on emissions levels in a heavy-duty diesel engine for PCCI combustion, SAE Technical Paper, 2006, 634 

2006-01-0026. 635 

[58] Z. Shi, F. Liu, W. Shang, Y. Li, C. Sun, M. Zhu, Numerical study on the influence of injection 636 

pressure on the ignition and combustion of n-dodecane spray at cold-start conditions, Fuel 264 (2020) 637 

116882. 638 

[59] C. Yao, J. Hu, P. Geng, J. Shi, D. Zhang, Y. Ju, Effects of injection pressure on ignition and 639 

combustion characteristics of diesel in a premixed methanol/air mixture atmosphere in a constant 640 

volume combustion chamber, Fuel 206 (2017) 593-602. 641 

[60] X. Meng, H. Tian, Y. Zhou, J. Tian, W. Long, M. Bi, Comparative study of pilot fuel property and 642 

intake air boost on combustion and performance in the CNG dual-fuel engine, Fuel 256 (2019) 116003. 643 

[61] A. Yousefi, M. Birouk, H. Guo, On the Variation of the Effect of Natural Gas Fraction on Dual-644 

Fuel Combustion of Diesel Engine Under Low-to-High Load Conditions, Front. Mech. Eng. 6 (2020). 645 

 646 


