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Reactivity controlled compression ignition (RCCI) engine give advantages over 
conventional diesel engine with the promising engine power and good control on NOx 
and soot emission. The trend of the RCCI concept is still new and Is very important to 
control the ignition in order to control the combustion progress and emission. The 
objective of this study is to provide data on the combustion characteristics and 
emission of diesel as high reactive, and ethanol as the low reactive fuel in the RCCI 
engine. The engine speed and injection timing were varied. Simulation work was 
conducted by using the Converge CFD software based on the Yanmar TF90 diesel 
engine parameter. Results show that operating the engine at low speed resulting in 
better engine performance and low carbon emissions due to the sufficient oxygen 
contents. For the high-speed engine, advancing the injection timing improves the fuel 
and air reactivity and steeper the equivalence ratio gradient, which result in a complete 
combustion process.  
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1. Introduction 
 

Biofuels have been often proposed as an alternative fuel for internal combustion engines. 
Utilizing biofuels and producing them by the suitable method can reduce the operational cost, reduce 
petroleum dependency and decrease the emission considerably [1]. Many studies have examined the 
impact of blending various oxygenated additives with diesel or biodiesel fuels on engine performance 
and emission characteristics of diesel engines. Alcohol fuel such as ethanol is difficult to mix with 
diesel fuel at standard air temperature as these fuels exhibit tendencies for phase separation due to 
their physical properties differences [2]. 

However, ethanol seems to be the most eco-friendly solution as it is naturally produced from 
natural sources. Ethanol can be abundantly produced from any plant which contains sugar or other 
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components that can be converted into sugar, such as starch or cellulose, through the fermentation, 
distillation, and dehydration processes [3]. Due to that reason, the production cost of ethanol is 
relatively low and is considered the most economical for engine fuel. Initially, ethanol was associated 
with spark-ignition engines as it can be easily blended with gasoline. More recently, ethanol has been 
used as a fuel for diesel engines due to the advantages of the high power of diesel engines. However, 
ethanol has a high heat of evaporation (840 kJ/kg), can be characterized by a very low cetane number 
(~11), and high auto-ignition temperature (693K) [4].  

Ethanol is not suggested to be mixed before the injection or directly used in diesel engines 
without any assist due to its properties. Ethanol fuel is generally used by using dual-fuel technology 
or blending with conventional diesel fuel with the presence of additives. Prashant et al., [5] has 
investigated the potential of diesel-ethanol blend in a 4-cylinder-turbocharger 62.5 kW gen-set dual-
fuel diesel engine. It was found that at low load conditions, 40% ethanol fraction lengthen the ignition 
delay. However, at higher load, ignition delay was found to be shortened. The peak of in-cylinder 
pressure was increasing in all the cases.  

Huang et al., [6] investigated the application of blends of ethanol and diesel in a diesel engine. 
The test results discovered that it is reasonable and relevant for the blends to replace pure diesel as 
the fuel for the diesel engine. The thermal efficiency of the engine fueled by the blends was 
comparable to the pure-diesel fuel. However, the lower heating value of ethanol results in high fuel 
consumption. From the emission characteristics analysis, carbon monoxide (CO) was found to be 
reduced when the engine ran at and above its half loads. Meanwhile, CO emissions were found to 
increase at low loads and low speeds. Besides, the hydrocarbon (HC) emissions from the blends 
combustion were all high except for the top loads at high speed and the nitrogen oxides (NOx) 
emissions show different trends for different engine speeds, loads, and percentage of ethanol [6].  

The conventional diesel engine offers high engine efficiency. However, reactivity controlled 
compression ignition (RCCI) is better for the wide range operation with its capabilities to operate in 
a wide range of loads and achieve near-zero NOx and soot emissions. The RCCI engine can provide 
the combustion phasing by using two different reactivity fuels. In an RCCI engine, the ignition timing 
also can be controlled by adjusting the start of injection (SOI) timing with the ratio of diesel and other 
fuel [7]. Hansen et al., [8] explored the dual injection of diesel operating on different load and engine 
speed range. The experiment also proposed the single fuel injection strategies by premix the high 
reactive and low reactive fuel before injected known as premixed charged compression ignition 
(PCCI). Diesel fuel is injected at -62 °CA ATDC and injected again at -37°CA ATDC. The higher engine 
speeds and lower intake temperature retarded the combustion phasing and results in poor in mixture 
stratification and decrease the pressure release rate (PRR).  

In another research, a comparison between early and late injection strategies of high reactivity 
fuel (i.e., diesel) was experimentally performed on a gasoline/diesel RCCI engine by Ma et al., [9]. 
When the diesel fuel is injected earlier, the reactivity of the mixture plays a significant role in 
maintaining the reaction activity and concentration stratification to improve the thermal efficiency 
[10]. However, when the diesel fuel is injected later, the mixture stratification plays a considerable 
role. The study shows that the control of SOI can reduce the HC and CO emissions while increasing 
the combustion efficiency. However, the reduction of injection pressure and pressure rate (PR) while 
advancing the injection timing can also increase the HC and CO emissions [11].  

This study focuses on the effect of high reactive fuel (HRF) and low reactive fuel (LRF) in the RCCI 
engine on engine efficiency, combustion characteristics, and emissions. Injection strategies are 
carried out to investigate the suitable injection timing of diesel to overcome the problem of 
combustion efficiency deficit and control the emission of HC and CO. The engine parameters in this 
study were based on Ibrahim et al., [12] by using the numerical method from a CONVERGE CFD 
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software. Other than experimental tests, numerical simulation studies can provide faster and 
accurate results without the need to modify the engine design. Hence, the data provided in this 
research will contribute to the information and propose as a suitable parameter for the future 
experimental work of diesel and ethanol in the RCCI engine. 
 
2. Methodology  
 

In this study, the simulation work approach were used and validated by performing the grid 
independence test. Combustion characteristics and emission of combustion were analyzed with 
respect to the different engine parameters. 
 
2.1 Validation Model 
 

Yanmar TF90 engine combustion chamber was modeled using Converge CFD software [13]. 
Converge CFD is specially equipped with an adaptive mesh refinery (AMR) function to automatically 
generate a perfectly orthogonal, structured grid at runtime based on simple, user-defined grid 
control parameters. Hence, there is no longer manual grid generation needed. Simulations were 
conducted based on the combustion chamber parameters from a single-cylinder Yanmar TF90 diesel 
engine. This engine is a horizontal, 4 cycles, water-cooled diesel engine and it is commonly used for 
agricultural purposes. The combustion chamber model of the engine is shown in Figure 1.  
 

 
Fig. 1. CFD model combustion chamber 
based on Yanmar TF90 Engine parameter 

 
The geometry consists of a grid with a base size of 4 mm. To speed up the calculations, AMR grid 

control features and fixed embedding are used in this software. AMR group consists of velocity and 
temperature. Upon the injection of diesel fuel, the fixed embedding is activated and set for all the 
boundaries in the geometry. The simulation operates from the intake valve close (IVC) until the 
exhaust valve open (EVO). Wall temperatures for piston, cylinder head, and liner are set up according 
to research from Ibrahim, 2017 [12].  

In this simulation, the port fuel injected low reactivity fuel (LRF) which is ethanol is considered 
homogeneously mixed and vaporized with intake air at IVC. Meanwhile, diesel fuel is directly injected 
as the high reactivity fuel (HRF) into the combustion chamber. KH-RT model is used for spray 
atomization and break up model. In spray modeling, the O'Rourke model is set for turbulent 
dispersion and the NTC collision model is used for collision model for a faster collision calculation. 
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The 3D model was validated by comparing the results of diesel combustion from simulation and 
the experimental work obtained from Ibrahim, 2017 [12]. Table 1 shows the specification of the 
engine and the injection parameters set up in the simulation. The piston of the engine is equipped 
with the bowl to enhance the airflow movement for better mixing of fuel and air. The injection system 
in this engine is equipped with 2 injectors, one for port injection for low reactive fuel (ethanol) and 
one for in-cylinder direct injection for high reactive fuel (diesel). 

The results of in-cylinder pressure and heat release rate analysis from simulation and experiment 
were compared. The simulation results meet the data specification with the experimental results, 
both in trends and values. 
  

Table 1 
Engine and Injection specification [12,14] 
Engine specification 

Bore (m) 0.085 
Stroke (m) 0.087 
Connecting rod length(m) 0.13 
Bowl diameter (m) 0.0463 
Bowl depth (m) 0.016 
Compression ratio 18 
Engine speed (RPM) 1600, 2000, 2400 

Injection specification 

Type of injection Direct injection 
Number of nozzles 4 
Injection pressure (MPa) 19.613 
Injection duration (°CA) 16 
Injection timing (°CA BTDC) 18 
Injection profile Single-injection 

 
2.2 Grid Independence Test 
 

Besides validation against the experiment and simulation from previous study [12], grid 
independence test were conducted to choose and fit the most suitable base grid size to forecast the 
combustion event and emission in this work. Figure 2 shows the validation of simulation to the 
experimental study with the convergence analysis from in-cylinder pressure resulted from different 
base grid sizes. The grid independence test is conducted with 3 different grid sizes of 3 mm, 4 mm, 
and 5 mm. The best base grid size is then used throughout all the simulations with the constant scale 
of fixed embedding and AMR. These features will allow the software to improve the orthogonal 
meshing for better analysis accuracy. Other than convergence analysis from the simulation results, 
simulation duration and file size capacity were also considered and compared. 

Table 2 shows the results of the grid independence test by comparing the error percentage 
between simulation and experiment at TDC point and peak pressure point. The result shows that 
there is about a 3% difference for the in-cylinder peak pressure between the 3 mm and 4 mm base 
case. The file size capacity and simulation duration were also compared. Time taken to carry out the 
simulation shows a significant difference between all grid sizes carried out especially on the 3 mm 
grid size. Due to the small difference in in-cylinder peak pressure between 3 mm and 4 mm, base grid 
of 4 mm has been selected as the optimum grid size in this work. Moreover, a comparison between 
simulation results and experiments with another study [12] also suggested that 4 mm is the optimum 
grid size. 
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Fig. 2. Grid independence test from CFD simulation and the experiment validations 

 
Table 2 
Grid independence test results 

Grid size  Percentage difference (%) File size (GB) Simulation time (min) 

At TDC Peak Pressure  

3 mm with AMR 8.424 5.1209 14.0 1557 
4 mm with AMR 8.1896 4.0239 7.76 996 
4 mm without AMR 14.3179 7.8170 6.14 439 
5 mm with AMR 10.8481 6.1449 4.87 664 

 
2.3 Combustion Characteristics and Emission Analysis 
 

Ethanol as the low reactive fuel (LRF), was injected into the intake manifold, as soon as the air 
entering the combustion chamber when the intake valve open (IVO) as shown in Figure 3. Meanwhile, 
diesel fuel as the high reactive fuel (HRF), was directly injected into the combustion chamber at -18 
°CA BTDC for 16°CA duration with a single injection profile as explained in Table 1. Ethanol was used 
as the low reactive fuel and chosen as the best fuel compared to other alcohols because ethanol has 
the lowest density and viscosity which provides good injection shape and leads to good atomization. 
Table 3 shows the thermo-physical properties of diesel as high reactivity fuel and ethanol as low 
reactivity fuel.  

The injection of ethanol in the intake manifold was set in the simulation initialization set up by 
considering the ethanol occupied the air in the intake manifold by 22 vol%. The temperature and 
pressure of intake air were set at ambient conditions. The SOI of high reactive fuel and engine speed 
will give a significant effect on the performance of the RCCI engine. In this study, the effects of these 
parameters on the RCCI engine combustion and emissions were investigated. The fuel injection 
parameters listed in Table 1 were used throughout the simulation. To achieve this goal, six different 
primary cases of engine parameters have been chosen namely as cases A, B, C, D, E, and F as shown 
in Table 4. 
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Fig. 3. RCCI engine schematic diagram [15] 

 
Table 3  
Thermo-physical properties of diesel and ethanol [16] 
Thermo-physical properties Diesel Ethanol 

Density @ 293K (kg/m3) 837 788 
Cetane number 50 5-8 
Kinematic viscosity @ 313K (mm2/s) 2.6 1.2 
Surface tension (N/m) 0.023 0.015 
Low calorific value (MJ/kg) 43 26.8 
Heat capacity (J/kg.°C) 1850 2100 
Boiling point (°C) 180-360 78 
Oxygen contents (%) 0 34.8 
Molecular weight (kg/mol) 170 46 

 
Table 4 
Different primary cases with different parameters 

Cases Speed  Injection timing 

Case A 1600 RPM -18 °CA BTDC 
Case B 2000 RPM -18 °CA BTDC 
Case C 2400 RPM -18 °CA BTDC 
Case D 1600 RPM -15 °CA BTDC 
Case E 1600 RPM -18 °CA BTDC 
Case F 1600 RPM -20 °CA BTDC 

 
3. Results and Discussion 
3.1 Effect of Engine Speed on Combustion Characteristics 
 

The engine speed of case A, B, and C were increased while the diesel fuel injection timing was 
kept constant. The result in Figure 4 shows that the combustion duration has been prolonged, and 
the peak pressure was decreased and the fuel ignitability is dramatically decreased. Increasing the 
engine speed shortened the time available for the mixture to get homogenous. Hence, the number 
of regions with relatively high reactivity is decreased and delay the ignition. Therefore, in this case, 
the peak pressure point occurs near the TDC. The rate of mixing between diesel fuel and intake air 
and ethanol affects the ignition delay at high-temperature heat-release (HTHR). Mixing the diesel 
fuel with intake air and ethanol should be in balance. Low fuel-air intake mixing rate results in a higher 
diesel-rich region [17], which tends to increase the NOx and soot emissions. Meanwhile, a high mixing 
rate resulted in a low equivalence ratio reaction, hence, the reactivity for the combustion to occur is 
reduced. 
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Fig. 4. In-cylinder pressure and heat release rate (HRR) against crank 
angle of diesel-ethanol combustion at different engine speed 

 
3.2 Effect of Engine Speed on Emissions 
 

Case A, B, and C results in lower NOx and soot when the engine speed increased as shown in 
Figure 5.  

 

  
Fig. 5. Emissions of diesel-ethanol combustion operated in different engine speed 

 
Meanwhile, the emission of CO, CO2, C2, and NOx is decreased with the increase of engine speed. 

High engine speed operation limits the air intake and leads to incomplete combustion due to 
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insufficient air. The thermal efficiency and indicated specific fuel consumption (ISFC) trend with the 
combustion phase shows that high engine speed resulting in higher engine efficiency due to lower 
heat transfer to the cylinder walls. The higher engine speed has higher pumping and leads to heat 
loss to the exhaust. However, these thermal losses were less than the efficiency gains and not 
significantly influenced the engine efficiency. Similar to the findings from Splitter et al., [18], higher 
thermal efficiencies from gasoline-diesel reactions with the single-fuel strategy, had high combustion 
efficiency, although the work done during the compression stroke is found negative. 
 
3.3 Effect of Injection Timing on Combustion Characteristics 
 

Diesel injection strategies influenced the combustion behavior in the engine. The injection timing 
of diesel is varied to study the effect of injection timing on the combustion characteristics and 
emissions of combustion. In cases D, E, and F, where the injection timing was varied with constant 
engine speed.  

Figure 6 shows the in-cylinder pressure and HRR of diesel-ethanol combustion running at a 
constant engine speed of 1600 RPM with different diesel fuel injection timing. The graph shows that 
the peak pressure in these cases is slightly higher than cases A, B, and C. This indicates that any retard 
injection decision in the RCCI engine should be made wisely, since cases D, E, and F deal with a high 
average temperature and extended ringing intensity. In terms of peak heat release rate in HTHR, it 
can be concluded that SOI timing at -20°CA ATDC has the highest HRR followed by -18°CA ATDC, and 
then -15°CA ATDC. The heat release rate at HTHR is affected by the reactivity gradient in the 
combustion chamber so that, rapid combustion can occur with the premixed of air and ethanol. The 
level of reactivity should be balanced, so that the distribution of diesel fuel can spread over the entire 
region in the combustion chamber. Hence, the energy to burn more ethanol fuels is enough. This 
explains the situation of the higher heat release in HTHR at the SOI timing of -20°CA ATDC. 

Figure 6 and Figure 7 show the increased in-cylinder pressure and temperature in the combustion 
chamber with the different injection timing. From the graph, the SOI at -20°CA ATDC produces the 
highest peak pressure and temperature followed by -18°CA ATDC, and the lowest is at -15°CA ATDC. 
The combustion at -20°CA ATDC produces the highest pressure and increases the temperature, 
because of the combustion of the diesel fuel which is not mixed well with the intake air-ethanol in 
the combustion chamber. 
 

 
Fig. 6. In-cylinder pressure and HRR of diesel-ethanol combustion 
in RCCI engine with different injection timing strategies 
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Fig. 7. In-cylinder temperature of diesel-ethanol combustion in 
RCCI engine operated with different injection timing strategies 

 
3.4 Effect of Injection Timing on Emissions 
 

Figure 8 shows the result of emissions such as HC, CO, NOx, and soot. In Figure 8, the SOI of -
15°CA ATDC produces the lowest emission of NOx, and -20°CA ATDC produces the highest NOx 
compared to other SOI. 

 

 

 

Fig. 8. Emissions of diesel-ethanol combustion in RCCI engine operated with different injection timing 
strategies 
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The graph shows that the SOI of -20°CA ATDC produces the lowest soot compared to other SOI. 
The reason is that the unmixed diesel fuel reacts and leads to complete combustion, especially at 
LTHR. During this phase, more oxygen is available and allows more complete combustion to happen. 
SOI at -15°CA ATDC granted higher soot due to the low reactivity gradient in the combustion chamber 
to encourage the combustion. 

Figure 8 also shows the emissions of HC and CO. There can be seen on these two graphs that HC 
and CO emissions are the lowest when the diesel injection is retarded at -20°CA ATDC followed by -
18°CA ATDC and -15°CA ATDC. This shows that SOI -20°CA ATDC allows more complete fuel 
combustion occurred. The factor affecting the low release of the HC and CO emission is due to the 
high in-cylinder peak temperature which helped to burn more fuels. 
 
4. Conclusions 
 

In the study, major important parameters on the start of injection and combustion duration of an 
RCCI engine were studied in detail and extensively for all different possible circumstances. This paper 
provides data on diesel combustion and the emission effects with the presence of ethanol as low 
reactive fuel in the RCCI engine concept for further experiment consideration. Diesel injection timings 
were optimized for maximum efficiency while varying the engine speed. Exhaust emissions and 
performance of the most efficient cases were discussed. The primary findings can be summarised as 
follows 

 
i. The engine speed range from 1600 to 2400 rpm shows that the duration of the fuel-air 

mixture to get homogenous is shorter, so the number of regions with relatively high reactivity 
increases. 

ii. Advance injection provides more time for diesel fuel to mix with the intake of air and ethanol, 
hence, forming a more balanced equivalence ratio and reactivity gradient. Better combustion 
progress occurs throughout the combustion chamber. 

iii. Diesel and ethanol reduced the emissions of NOx and soot for a better environmental future 
and better engine performance. At the higher speed, diesel and ethanol fuels in the RCCI 
engine reduced the NOx and soot emissions 

 
Delaying the SOI reduced the HC and CO emissions, but with a slight increment of NOx and soot 

emissions. Due to the delay of SOI, the reactivity gradient in the combustion chamber increases and 
allows more fuel to be combust. 
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