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ABSTRACT 

Strict emission regulations together with reducing fossil fuels resources lead to 

more attention on new combustion strategies and alternative fuels such as 

biodiesel which is renewable, environmentally friendly and more cost-effective 

than other fuels. In this study, CONVERGE CFD software coupling with 

chemical kinetics mechanism is used to numerically investigation of natural gas 

(NG)/biodiesel dual fuel engine. The discussed biodiesel consists of 25% methyl 

decanoate (MD), 25% methyl-9-decanoate (MD9D) and 50% diesel. A 

comparative study of NG/diesel and NG/biodiesel fueled cases is performed to 

highlight the combustion characteristics of biodiesel. For all simulated cases, it 

is supposed that 5% of energy is supplied by high reactive fuel (i.e., Diesel or 

Biodiesel) and 95% is coming with low reactive fuel (i.e., Natural Gas). Results 

revealed that in full load condition, using biodiesel/NG led to 86% lower carbon 

monoxide (CO) and 91% unburned hydrocarbons (UHC). On the other hand, 

peak pressure and maximum in-cylinder temperature increased 5% and 83 K, 

respectively which led to 0.6% efficiency improvement. according to the results 

of different injection timing, when it was advanced from -4 to -20 crank angle 

degree after top dead center (CAD ATDC) for biodiesel/NG and diesel/NG, the 

indicated mean effective pressure (IMEP) and gross thermal efficiency (GTE) 

reached at their peaks 18.3 bar and 48.2% at -12 CAD ATDC, 18.05 bar and 

47.7% at -8 CAD ATDC respectively. 
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1. INTRODUCTION 

 Due to the increasing demand for energy as well as the 

projected shortages of petroleum fuels and their rising 

prices, fossil fuels are highly concerned. The increase in 

consumption contributes significantly to global warming 

and climate change (Sanjeevannavar et al., 2022). As a 

result of the strict laws established to protect the 

environment, researches have devoted most of their efforts 

to reducing the amount of pollution emissions in different 

ways (Reitz & Duraisamy, 2015a). Researchers have 

proposed various solutions to deal with this challenge and 

to lower the pollutants emitted, such as using different 

fuels, applying after-treatment systems, and adopting new 

combustion strategies (Reitz & Duraisamy, 2015b; Wei & 

Geng, 2016; Duan et al., 2021; Paykani et al., 2021; Bhave 

et al., 2022; Paykani et al., 2022; Hosseini et al., 2023). 

Natural gas is a composite of various gases, including 

methane, ethane, and others. Methane constitutes the 

majority of natural gas, accounting for 87-96% of its 

composition. Consequently, natural gas shares many 

properties akin to methane. It is widely acknowledged as 

a clean and eco-friendly fuel, owing to its lower carbon 

content per unit of energy compared to other fossil fuels, 

resulting in reduced CO2 emissions (Huang et al., 2019; 

Mikulski et al., 2019; Poorghasemi et al., 2017; Yuvenda 

et al., 2022) . Dual fuel engines represent a combustion 

technique that employs two distinct fuels possessing 

dissimilar physical and chemical characteristics. These 

fuels are utilized as high-reactivity and low-reactivity 

fuels, respectively. The dual fuel mode has the benefit that 

the diesel start of injection can regulate the combustion 

phasing. Diesel injection timing in a dual fuel engine 

resulted in a reduction in emissions and unburned methane 

at low loads (Yousefi et al., 2019a; 2020; Pedrozo et al., 

2022; Fakhari et al., 2024). Natural gas is utilized as a low-

reactivity fuel in dual fuel engines due to its low carbon to 

hydrogen ratio. This is particularly advantageous as it 

results in a reduction of CO2 emissions by over 20% when 

compared to diesel engines. In dual fuel engines, natural 

gas is introduced into the combustion chamber in a 

homogenous manner through the use of port injection and  
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Nomenclature 

AMR Adaptive Mesh Refinement IVC Intake Valve Closing 

ATDC After Top Dead Center KH-RT Kelvin-Helmholtz Rayleigh-Taylor 

BTE brake Thermal Efficiency LTC Low Temperature Combustion 

CAD Crank Angle Degree MD Methyl Decanoate 

CDF Conventional Dual Fuel MD9D Methyl-9-Decenoate 

CFD Computational Fluid Mechanic NG Natural Gas 

CNG Compressed Natural Gas NOx Nitrogen Oxide 

CO Carbon Monoxide NTC Non-Timed Collision 

EVO Exhaust Valve Opening PCCI Premixed Charged Compression Ignition 

GTE  Gross Thermal Efficiency RCCI Reactivity Controlled Compression Ignition 

HRR Heat Release Rate RPM Revolution Per Minute 

HCCI Homogeneous Charged Compression Ignition SOI Start of Injection 

ID Ignition Delay UHC Unburned Hydro Carbon 

IMEP Indicated Mean Effective Pressure ITE Indicated Thermal Efficiency 

 

is subsequently mixed with air. In contrast, diesel fuel is 

directly injected into the chamber. Furthermore, dual fuel 

engines exhibit reduced levels of soot and NOx emissions 

when compared to conventional diesel engines. 

Additionally, these engines possess the ability to maintain 

and enhance the benefits of diesel engines, while also 

exhibiting superior performance in medium and high load 

conditions. Numerous studies have been conducted in 

diverse fields pertaining to dual-fuel engines utilizing the 

combination of natural gas and diesel fuel (Korkmaz et al., 

2019; Wu et al., 2019; Gharehghani et al., 2021; Park et 

al., 2022; Yu et al., 2022; Park et al., 2023; Wei et al., 

2023; Yin et al., 2023). Liu et al. (2023) conducted an 

investigation into the augmentation of energy ratio in a 

dual fuel engine utilizing natural gas and diesel fuel at a 

25% load. The results indicated that as the energy ratio of 

natural gas increased, the maximum pressure exhibited a 

pattern of decreasing followed by increasing, and the heat 

release rate (HRR) curve transitioned from a one-stage to 

a two-stage state. Furthermore, the ignition delay was 

observed to decrease, while the quantity of NOx pollutants 

followed a trend of initial increase followed by subsequent 

decrease. (Shu et al., 2018) conducted an investigation on 

the impact of advanced injection timing in a diesel/natural 

gas twin burner engine. The study involved an initial 

assessment of the brake thermal efficiency (BTE) value, 

followed by a gradual reduction as the degree of pilot 

injection increased. The observed increase in NOx content 

was attributed to the rise in the mass fraction of oxygen 

atoms and the temperature within the combustion 

chamber. Lee et al. (2020) studied optimization of diesel 

injector in the heavy-duty dual fuel engine. With a 

reduction in hole diameter of nozzle, gross IMEP 

increases and this increase is about 1.66% in the optimal 

mode. (Yousefi et al., 2019b) investigated natural 

gas/diesel combustion at low load by highlighting 

greenhouse gas emissions. Due to greater accessibility and 

lower environmental effects, substituting diesel with 

natural gas is more common in industries. Also, the effect 

of additives on dual-fuel engines has also been 

investigated (Dal Forno Chuahy et al., 2021; Mattarelli et 

al., 2022; Fakhari et al., 2023; Thangavel et al., 2023). As 

mentioned, diesel fuel is used as high reactive fuel in dual 

fueling mode as igniter of combustion. Biodiesel is the 

ideal alternative for diesel fuel, not only because of its 

similarity to diesel, but also because of its higher cetane 

number and also containing oxygen atom in its chemical 

structure. Therefore, biodiesel is suitable high reactive 

fuel which could lead to lower amounts of CO and HC 

emissions (Kalsi & Subramanian, 2017; Mahla et al., 

2018; Wenming & Meng, 2019; Thomas et al., 2020; 

Karami & Gharehghani, 2021; Zarrinkolah & Hosseini, 

2022; Winangun et al., 2023). Harari et al. (2020) 

conducted a study on the emission characteristics 

associated with the use of gasoline and biodiesel derived 

from Thevetia Peruviana. They showed that HC and CO 

emissions decreased by 12.5% and 7.6% respectively by 

using biodiesel as high reactive fuel. The presence of 

oxygen and high cetane number of biodiesel lead to stable 

and faster combustion, which resulted in more complete 

combustion (Gharehghani et al., 2015; Işik & Aydin, 

2019; Jain et al., 2023; Rajpoot et al., 2023; Vargas-Ibáñez 

et al., 2023). Zhang et al. (2022) Analyzed various 

biodiesel to natural gas ratios in a dual-fuel marine engine. 

When natural gas energy and biodiesel to diesel ratio 

increased, combustion begins later and thermal efficiency 

declines. NOx emission was reduced by using more 

natural gas energy and burning it longer, which lowered 

the temperature and pressure inside the cylinder. Due to 

high surface tension and greater viscosity of biodiesel, 

combustion delay increased by increasing the biodiesel 

ratio. Cheng et al., (2015) They studied the chemical 

synthesis mechanism in detail using reduction techniques 

and temperature sensitivity analysis for a variety of 

biodiesel fuels. The simulation results, in turn, 

demonstrate that the vital species and reactions to 

combustion processes are preserved in the reduced 

biodiesel mechanism of 92 species. The IDs and lift-off 

lengths are accurately reproduced by the reduced 

mechanism, with maximum percentage errors of 29.8% 

and 43.4%, respectively. Mohan et al. (2015) A new 

skeletal multicomponent fuel reaction mechanism is 

proposed, which consists of MD, MD9D, n-heptane and 

iso-octane. The final mechanism consisted of 68 species 

and 183 reactions. Kumar et al. (2022) investigated adding 

hydrogen to biodiesel in a dual-fuel engine. By adding 

hydrogen to biodiesel and increasing injection pressure, 

pressure and temperature inside the chamber and brake 

thermal efficiency (BTE) increased. They showed that by 

increasing the injection pressure, the fuel atomization 

improved, and as a result, the ignition delay decreased. 

Rajpoot et al. (2023) investigates spirulina microalgae 
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biodiesel with energy exergy emission evaluations of a 

diesel engine. There are multiple fuel samples. Only one 

third of the input energy is available for useful work while 

two third is related with energy losses. The pollutants 

emission was reduced by up to 28.09%. this study shows 

that microalgae biodiesel can be a good replacement for 

conventional fuels. Biodiesel has advantages over diesel 

in terms of combustion quality, renewability and 

environmental impact. In addition, natural gas is a low-

cost and clean fuel with a low carbon-to-hydrogen ratio. 

As far as the authors are aware, no study has thoroughly 

compared the dual fuel combustion mode of diesel/natural 

gas and biodiesel/natural gas fuels. Therefore, this study 

investigates numerical simulation of biodiesel/natural gas 

and its comparison with diesel/natural gas in a 6-cylinder 

dual fuel engine in terms of combustion quality and 

pollutants. The study also examines how the injection 

timing of biodiesel affects the combustion process and 

engine-out emissions of biodiesel/NG. For all simulated 

cases, it is supposed that 5% of energy is supplied by high 

reactive fuel (i.e., Diesel or Biodiesel) and 95% is coming 

with low reactive fuel (i.e., Natural Gas). 

2. NUMERICAL MODELING 

 The numerical simulations conducted in this study 

utilized the CONVERGE software to accurately represent 

the combustion processes and formation of pollutants. To 

model the atomization of fuel droplets, a combination of 

the Kelvin Helmholtz and Riley Taylor models was 

employed, while droplet collisions were simulated using 

the non-timed collision model. Additionally, the 

simulation incorporated models for heat transfer effects 

and turbulence. 

2.1  Computational Model, Tools, Methods and 

Mechanism 

 Computational domain is the geometry of a six-

cylinder turbocharged diesel engine with a common rail 

injection system. Engine specifications are listed in (Table 

1). 

 In this research, the engine is considered at 1000 rpm 

and at 100% load. (Table 2) shows diesel, biodiesel and 

natural gas properties. 

 As mentioned, this research utilized Converge 

software for numerical simulations. The combustion 

processes and pollutant formation were modeled using a 

 

Table 1 Engine parameters and specifications (Shu et 

al., 2019) 

Content Item 

9.726 Displacement (L) 

126 Bore (mm) 

130 Stroke (mm) 

17 Compression ratio 

219 Connecting rod length (mm) 

147 Injector spray angle (°) 

8 Number of injector nozzle holes 

−155 IVC (°CA) 

120 EVO (°CA) 

Table 2 Properties of diesel, biodiesel and natural gas 

 Diesel Biodiesel NG 

Low heat value 

(MJ/Kg) 
44.6 41 50 

Cetane index 50 51.5 - 

Density (Kg/m3) 830 870-880 - 

Kinematic viscosity 

(N.s/m2) 
3.4 4.142 - 

surface tension 

(N/m) 

0.015- 

0.014 

0.020- 

0.019 
- 

specific heat (J/Kg. 

K) 
2458.82 2375.82 - 

Conductivity (W/m. 

K) 
0.11 0.12- 0.14 - 

 

set of sub-models. The fuel droplets’ atomization was 

modeled by combining the Kelvin Helmholtz model and 

the Riley Taylor model (KH-RT). The KH-RT hybrid 

atomization model consists of two primary and secondary 

breakups. Kelvin-Helmholtz (KH) wave models were 

employed to predict the primary breakup of the jet, and 

Rayleigh-Taylor (RT) breakup models were used to model 

the secondary breakup of drops after a breakup length 

along with KH (Beale & Reitz, 1999). The droplet 

collisions and their effect on spray modeling were 

modeled using the non-timed collision (NTC) model. The 

NTC method randomly picks some packets in each cell to 

speed up the collision calculations (Schmidt & Rutland, 

2000). Heat transfer influenced the combustion quality 

and the thermodynamic properties, and so did the walls’ 

heat transfer effects. Various factors that affect this 

phenomenon, like flow turbulence, wall heat transfer and 

gas density change, were modeled. The heat transfer 

between the wall and the turbulent flow was modeled by 

taking into account the density and Prandtl number at each 

step of the solution (Schmidt & Rutland, 2000). The 

modeling of NOx formation has been done using the 

developed ZELDOVICH mechanism provided. RANS 

mechanism was used for turbulence modeling. Also, the 

(RNG) k-ε model is used as a turbulence model with 

modified rapid distortion and the wall function model of 

Hahn and Reitz. The engine combustion process is 

modeled using the SAGE model, which is an accurate 

chemical kinetic model. The simulations were performed 

using the multi-zone chemistry solver, and in the multi-

zone chemistry solver, based on the thermodynamic state 

of the cells, cells are grouped into regions, and detailed 

chemical kinetics are solved in each region to reduce 

execution time. In the chemical mechanism, n-heptane has 

been chosen as a representative of diesel and methane as a 

representative of NG. Also, it is supposed that biodiesel 

consists of 25% MD, 25% MD9D and 50% n-C7H16. The 

authors have previously published the details of this 

mechanism, which consists of 126 species and 545 

chemical reactions. 

2.2  Computational Domain and Validation 

 The dynamic mesh is created using the geometry of a 

six cylinders diesel engine. A piston model with one-

eighth of the size and an injector spray angle of 147º is 

used due to the symmetry of the eight holes in the nozzle.  
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Fig. 1 CFD model of combustion chamber with one 

eighth of the size 

 

Table 3 The initial and boundary conditions of 

validation case 

Items Values 

Engine speed 1000 RPM 

Start of Injection (SOI) -5 CAD ATDC 

Injection Duration (ID) 3 CAD 

Intake pressure 2.006 bar 

Lambda 1.301 

CH4 mass fraction 0.0389 

Cylinder Head Temperature 523 K 

Cylinder Block Temperature 433 K 

Piston Temperature 553 K 

 

 
Fig. 2 Comparisons of experimental and simulated in-

cylinder pressure and HRR results at 100% load 

 

 Figure 1 shows the geometry of one eighth piston. The 

grid size is 1.2 mm and the adaptive mesh refinement 

(AMR) method and fixed embedding are used for spray 

and inflation near boundaries to get a fine enough grid. 

AMR is applied for temperature and velocity field in the 

volume with diesel (biodiesel) and injected particles. The 

calculation covers from intake valve closing (IVC= -155 

CAD) to exhaust valve opening (EVO= +120 CAD). 

(Table 3) lists the initial and boundary conditions for 

simulations. 

 The in-cylinder pressure and heat release rate are 

shown in (Fig. 2) to compare the numerical and  

Table 4 Experimental and simulated emission results 

at 100% load 

Emissions 

(ppm) 
 NOx HC CO 

 

Experimental (Shu 

et al., 2019) 
3144 682 65 

Numerical 2980 722 58 

 

experimental results. The simulated and experimental 

pressure agree well and have a negligible difference. The 

maximum difference between this numerical study and 

experimental data is less than one percent. The heat release 

rate in the simulation also matches the experimental data 

closely.  

 In addition, the simulated and experimental NOx, HC 

and CO emissions are compared in (Table 4). The error is 

less than 8% at most. Therefore, the CFD model can 

accurately simulate the combustion and ignition 

processes. 

3. RESULTS AND DISCUSSION 

3.1  Comparing Biodiesel/NG and Diesel/NG 

Combustions 

 This study compares the combustion characteristics of 

diesel/NG and biodiesel/NG in dual fuel mode. Figure 3 

shows the in-cylinder pressure and heat release rate at 

1000 rpm and full load condition. The diesel/NG case has 

a peak pressure of 144.3 bar at 13.1 CAD ATDC, while 

the biodiesel/NG case has a peak pressure of 151.7 bar at 

14.5 CAD ATDC. Biodiesel is more reactive than diesel 

because it has a higher cetane number and oxygen content. 

This makes the biodiesel/NG mixture more reactive than 

the diesel/NG mixture. The higher reactivity gradient 

causes the higher peak pressure of biodiesel/NG case. 

 Figure 4(a) compares in-cylinder mean temperature for 

diesel/NG and biodiesel/NG fueling cases. As seen, 

biodiesel/NG case has about 3.8% higher maximum 

 

 

Fig. 3 In-cylinder pressure and heat release rate for 

biodiesel/NG and diesel/NG at 100% load 
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(a) (b) 

  
(c) (d) 

Fig. 4 Comparison of NG/diesel and NG/biodiesel combustion in terms of a) mean in-cylinder temperature b) 

mole fraction of NOx c) mole fraction of UHC and d) mole fraction of CO 

 

temperature than diesel/NG. Also, the maximum in-

cylinder temperature in biodiesel/NG case occurs at 16.9 

CAD ATDC, while in diesel/NG its location is at 22.5 

CAD ATDC. One of the advantages of biodiesel is that the 

combustion timing is shorter than that of diesel. In the 

biodiesel/NG case, the combustion timing is 

approximately 15.2 degrees, while it is approximately 19.6 

degrees in a diesel/NG case. Biodiesel/NG burns 4.5 

degrees faster than diesel/NG, while diesel/NG CA50 

occurs faster than biodiesel/NG. CA50 amount for 

diesel/NG case is 10.4 ATDC while in biodiesel/NG it is 

about 11.0 ATDC. As mentioned, the cetane number of 

biodiesel is higher than that of diesel, resulting in an 

increase in reactivity of mixture. In addition, due to the 

higher surface tension of biodiesel, ignition delay of 

biodiesel/NG increases and leads to the better mixing and 

results into the improving combustion quality and higher 

in-cylinder pressure and temperature.  

 Better combustion quality of biodiesel/NG fueling 

case affects the engine-out emissions. There is a 

significant reduction in carbon monoxide (CO) in 

biodiesel/NG case compared to diesel/NG. As shown in 

(Fig. 4 b), CO engine-out emission decreases 86% for 

biodiesel/NG compared to diesel/NG. This is because 

biodiesel has higher oxygen content and lower carbon-to-

hydrogen ratio than diesel, which enhances the oxidation 

of fuel and reduces the formation of CO. Also, UHC 

emission is lower in biodiesel/NG fueling case (Fig. 4 c). 

This is because biodiesel has lower volatility and higher 

cetane number than diesel, which improves the 

vaporization and ignition of fuel and reduces the UHC 

emission. On the other hand, NOx emission level is about 

24% higher for biodiesel/NG fueling case. More complete 

combustion of biodiesel/NG case and as result higher in-

cylinder temperature leads to higher amount of NOx 

emission (Fig. 4 d). This is because biodiesel has higher 

nitrogen content and higher flame temperature than diesel, 

which increases the production of NOx through thermal 

and prompt mechanisms. Therefore, biodiesel/NG case 

has lower CO and UHC but higher NOx emissions than 

diesel/NG case. 

 Figure 5 shows the contours of NOx and CO emissions 

in exhaust valve opening (EVO) crank angle location. 

Higher ignition delay of biodiesel causes better mixing for 

biodiesel/NG case and as result, complete combustion 

leads to lower CO emission while NOx emission level  
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EM  Biodiesel/NG Diesel/NG 

NO

x 

 

  

CO 

 

  

Fig. 5 NOx and CO contour at EVO 

 

increases for this case. This is because biodiesel has higher 

oxygen content and lower carbon-to-hydrogen ratio than 

diesel, which enhances the oxidation of fuel and reduces 

the formation of CO. However, biodiesel also has higher 

nitrogen content and higher flame temperature than diesel, 

which increases the production of NOx through thermal 

and prompt mechanisms. Therefore, biodiesel/NG case 

has lower CO but higher NOx emissions than diesel/NG 

case. 

 Table 5 shows the CA10, CA50 and CA 90 for 

biodiesel/NG and diesel/NG. As shown, diesel/NG case 

has lower CA10 than biodiesel/NG, while combustion 

duration of biodiesel/NG has lower combustion duration 

(CA90-CA10). This is because biodiesel has higher cetane 

number and lower volatility than diesel, which causes a 

longer ignition delay and a later start of combustion.  

Table 5 CA10, CA50 and CA90 for Biodiesel/NG and 

Diesel/NG 

 CA10 CA50 CA90 

Diesel/NG 4.13 10.41 23.77 

Biodiesel/NG 6.51 11.01 21.7 

 

 
Positio

n 
Biodiesel/NG Diesel/NG 

 

5 CAD 

ATDC 

  

21 

CAD 

ATDC 

  

Fig. 6 Methane mole fraction distribution at 5 and 21 

CAD ATDC for diesel/NG and biodiesel/NG 

 

 However, higher ignition delay improves the mixing 

quality. More homogeneous mixture together with higher 

oxygen content of biodiesel leads to faster combustion rate 

and a shorter combustion duration in biodiesel/NG case. 

 Figure 6 shows the methane mole fraction in 5 and 21 

CAD ATDC. It can be seen that in 5 CAD ATDC, 

biodiesel/NG case has more unburned methane than 

diesel/NG case. However, in 21 CAD ATDC, 

biodiesel/NG case has less unburned methane than 

diesel/NG case. 

 Mass fraction of OH species and temperature 

distribution of parcels for diesel and biodiesel are shown 

in (Fig. 7). As seen, during the combustion of diesel, 

ignition takes place in the center of the parcels and then 

propagates upstream and downstream. While for 

biodiesel, parcels are distributed more homogeneously 

before start of combustion and ignition occurs under the 

auto ignition dominance, with flame front propagation 

focusing toward the perimeter of the cylinder. As shown, 

CA1 (crank angle where 1% of heat is released), diesel 

injection length is 16 mm while for biodiesel injection 

length is 25 mm. Due to biodiesel's high surface tension 

and greater viscosity, evaporation is delayed and as result, 

penetration length increased which leads to later start of 

combustion. On the other hand, based on Fig. 7, biodiesel 

parcels have higher temperature than diesel parcels before 

SOC, and as result, combustion duration of biodiesel/NG 

is shorter than diesel/NG case see (Table 5). 

 In (Fig. 8), the volume with temperature lower than 

2000 K is shown for biodiesel/NG and diesel/NG cases at 

7 CAD ATDC.  The volume with temperature lower than 

2000 K is the main source of incomplete combustion and 

leads to formation of CO pollutant. Higher temperature  

of biodiesel/NG combustion together with better mixing  
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(a)                                    (b) 

 

Fig. 7 The OH mass fraction in bulk in CA1 and 

parcels temperatures a) diesel b) biodiesel 

 

condition, causes minor lump region for this case and as 

result, lower CO emission compared to diesel/NG case 

based on (Fig. 5).  

3.2 Effect of Start of Injection on Combustion 

Characteristics 

 This section examines the effect of advancing the 

injection timing (SOI) on the engine performance 

characteristics of biodiesel/NG and diesel/NG dual fuel 

mode. The study tested a range of SOI from −4 to −20 

CAD ATDC at full load condition. Figure 9 shows the 

results of the study for in-cylinder pressure, HHR and 

(Fig. 10) in-cylinder mean temperature. According to Fig. 

9 by advancing the injection timing from -4 to -20 CAD 

ATDC, in biodiesel/NG the peak pressure value rises from 

150.2 to 205 bar but in diesel/NG the peak pressure value 

rises from 143.1 to 202.6 bar. Moreover, as seen, in Fig. 

10 the trend of in-cylinder temperature follows the change 

in injection timing, indicating that the change in 

combustion characteristics also follows the change in 

injection timing. By advancing the SOI, ignition delay 

increased and mixing quality is enhanced. Long ignition 

delay together with good mixing situation provide more 

favorable condition for start of combustion. As a result, 

combustion quality improves and causes higher in-

cylinder pressure and temperature. By advancing the 

injection timing from -4 CAD ATDC to -20 CAD ATDC, 

heat is released earlier during the combustion process and 

the peak of heat release rate is consistently increased. This 

increase in biodiesel/NG is more than diesel/NG. This is 

mainly because biodiesel fuel has enough time to be 

available, evaporate, and spread in the combustion 

chamber, which enhances the oxidation of methane fuel. 

The combustion of biodiesel fuel gives the activation 

energy needed for the combustion of methane to happen 

sooner. 

 

(a) 

 

(b) 

 

Fig 8. volume with temperature lower than 2000 K at 

7 CAD ATDC. a) Diesel/NG b) biodiesel/NG 

 

 The crank angle at which a certain percentage of the 

heat is released, usually 10% and 90%, is a key factor in 

determining the start and end of combustion. Also, 

ignition delay (ID), which measures the time between 

direct fuel injection and ignition, plays a vital role in 

combustion analysis. In addition, CA50 which is 

mentioned as combustion phasing, describes the crank 

angle at which 50 % of the heat from combustion has been 

released. Combustion phasing affects the engine 

efficiency, power output, and emissions. Controlling the 

optimal combustion phasing can help achieve low 

temperature combustion, which reduces nitrogen oxide 

and particulate matter emissions. 

 Figure 11 shows the CA10, CA50, CA90 and ignition 

delay for various injection timing of biodiesel/NG and 

diesel/NG.  

https://www.sciencedirect.com/science/article/pii/S0360544219311363
https://www.sciencedirect.com/science/article/pii/S0360544219311363
https://www.sciencedirect.com/science/article/pii/S0360544219311363
https://www.sciencedirect.com/science/article/pii/S0360544219311363
https://journals.sagepub.com/doi/pdf/10.1177/1468087418804087
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(a) (b) 

Fig. 9 In-cylinder pressure and heat rate release at different SOI a) biodiesel/NG b) diesel/NG 

 

  
(a) (b) 

Fig. 10 In-cylinder temperature at different SOI a) biodiesel b) diesel 

 

  
(a) (b) 

Fig. 11 CA10, CA50, CA90, Ignition delay, burning duration at different start of injection a) biodiesel/NG b) 

diesel/NG 

 

 At biodiesel/NG depending on the combustion 

chamber temperature and fuel concentration in the local 

area, ignition delay increases from 10.50 CAD for SOI= -

4 CAD ATDC to 17.80 CAD for SOI= -20 CAD ATDC. 

Due to the fact that CA10 occurs prior to TDC within the 

range of SOI= -12 to SOI= -20, there is an increase in 

Ignition delay. But in diesel/NG ignition delay increases 

from 8.13 CAD for SOI= -4 CAD ATDC to 13.51 CAD 

for SOI= -20 CAD ATDC. Ignition delay is influenced by 

several factors, such as the characteristics of the fuel and 

the operating condition of the engine while ignition delay  
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(a) 

 
(b) 

Fig 12. Gross work, IMEP, Indicated thermal 

efficiency at different injection timing a) biodiesel/NG 

b) diesel/NG 

 

affects the combustion efficiency, emissions, and noise of 

the engine. 

 Based on (Fig. 11 a), it can be observed that at SOI= -

12, the CA10 value approximates the TDC but on (Fig. 11 

b), in SOI= -8, the value of CA10 is near the TDC. Given 

that the temperature within the chamber at TDC is 

considerably elevated, this leads to improved combustion 

conditions. 

 According to (Fig. 11) the CA10-CA50, which 

exhibits an initial upward trend followed by a downward 

trend. This trend pattern indicates that combustion 

transpires in the vicinity of TDC at SOI= -12 for 

biodiesel/NG and SOI= -8 for diesel/NG, thereby 

facilitating diffusion and evaporation. Furthermore, the 

chart illustrates that the alterations in CA10-CA50 in 

comparison to CA50-CA90 are relatively minor, after 

which they escalate. This observation implies that the 

majority of combustion in the CA50-CA90 phase 

transpires in this region.  

 Figure (11) shows that CA50 occurs earlier when SOI 

is advanced for biodiesel/NG and diesel/NG. It was 11.01 

degrees at SOI=-4, but it reduced to 3.7 degrees at SOI=-

20 and for diesel/NG 10.41 degrees at SOI=-4, but it 

reduced to 0.23 degrees at SOI=-20. 

 At (Fig. 11 a) Combustion duration (difference 

between CA10 and CA90) decreases from 16 crank angle 

to 10 crank angle by advancing SOI from -4 to -20 CAD 

ATDC. Based on (Fig. 9) and (Fig. 10), advancing SOI led 

to higher in-cylinder pressure and temperature and as 

result, faster combustion and shorter combustion duration. 

But in diesel/NG, the trend is the opposite of biodiesel and 

it increases.  

 Figure 12 shows the gross work, indicated mean 

effective pressure and indicated thermal efficiency (ITE). 

As seen in this (Fig 12 a), IMEP increases at first when 

SOI is advanced and reaches its peak at SOI=-12, which is 

18.33 bar. Then, IMEP decreases when SOI is further 

advanced and becomes 18.10 bar at SOI=-20. Gross work 

and ITE follow the same trend as IMEP, and they change 

similarly. But in (Fig 12 b), the trend is the same as (Fig 

12 a), but the peak occurs in SOI= -8. Because in 

biodiesel/NG, CA10 is near in SOI=-12 around the TDC, 

but in diesel/NG in SOI=-8. 

 As shown in (Fig. 9), advancing SOI caused higher in-

cylinder pressure and therefore, higher gross work. On the 

other hand, by more advancing SOI, based on (Fig. 11), 

start of combustion occurred very early and as result, 

negative work increased. Therefore, after SOI=-12 in 

biodiesel/NG and SOI= -8 in diesel/NG although in-

cylinder pressure increased, but negative work also 

increased and IMEP decreased.  

4. CONCLUSION 

 In this study, the computational fluid dynamics tool 

which coupled with chemical kinetics mechanism are used 

to examine dual fuel combustion characteristics. It first 

compares the combustion features and emissions between 

diesel/NG and biodiesel/NG then it analyzes the 

biodiesel/NG combustion characteristics at different 

injection timing. The main findings are summarized as 

follows: 

• In biodiesel/NG compared to diesel/NG, the mixture 

reactivity is higher because of the higher cetane 

number of biodiesel. This increases the maximum in-

cylinder pressure by about 5%, and also increases the 

heat release rate by about 38%. 

• Due to the occurrence of combustion in biodiesel/NG 

case at higher temperature than diesel/NG, and 

biodiesel combustion of characteristic the amounts of 

CO and UHC pollutants are reduced by 86% and 91%, 

respectively. 

• Due to the occurrence of combustion in the case of 

biodiesel/NG at a higher temperature, with higher 

oxygen content, lower volatility and higher cetane 

number than diesel, the amount of CO and UHC 

pollutants is reduced by 86% and 91%, respectively.  

• The combustion process in diesel/NG case starts in a 

confined central location, whereas in biodiesel/NG, it 

spreads over the cylinder and improves control of 

combustion which leads to lower CO emission.  

• By advancing the SOI from -4 to -20 CAD ATDC, 

because of improving the mixing quality, the 



S. M. J. Yahyaei et al. / JAFM, Vol. 17, No. 8, pp. 1631-1642, 2024.  

 

1640 

maximum in-cylinder pressure increases from 150.2 

bar to 205 bar. Also, the peak temperature in the 

cylinder increases and it is 2240 K at SOI=-4 while it 

is 2452 K at SOI=-20. But in diesel/NG the maximum 

in-cylinder pressure increases from 143.1 bar to 202.6 

bar. Also, the peak temperature in the cylinder 

increases and it is 2180 K at SOI=-4 while it is 2370 

K at SOI=-20. 

• At biodiesel/NG gross work, IMEP and ITE increase 

by advancing the SOI from -4 to -12 CAD ATDC and 

after that they decrease. The maximum amount of 

IMEP, gross work and ITE are 18.3 bar, 2.97 kJ and 

48.20%, respectively. But in diesel/NG at SOI=-8 

aTDC the maximum amount of IMEP, gross work and 

ITE are 18.05 bar, 2.925 kJ and 47.70%. 

FUTURE WORK 

 In the future work, we will numerically investigate the 

effect of additives (hydrogen, oxygen, etc.) to 

biodiesel/natural gas in a dual fuel engine. 
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