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Abstract 

Compression ignition engines are widely used for transport and energy generation 

thanks to their high efficiency and low fuel consumption. Conversely, they are 

source of pollutant emissions at the exhaust that are strictly regulated. To face this 

issue, alternative strategies as low-temperature combustion (LTC) concepts are 

born, recently. The reactivity controlled compression ignition (RCCI) uses two 

fuels (direct- and port fuel- injected) with different reactivity to control the 

reactivity of the charge by adjusting the proportion of both fuels. Besides this, the 

characteristics of the direct-injected fuel play a main role on the combustion 

process. Use of gasoline for direct injection is attractive to retard the start of 

combustion and to improve the air-fuel mixing process.  

In this work, RCCI combustion mode is performed in an optical compression 

ignition engine. Gasoline is injected in the intake manifold while a high reactivity 

fuel is directly injected in the cylinder. To investigate the effect of the direct-

injected fuel properties on combustion, the engine is fed alternately with pure 

diesel and with a blend in volume of gasoline and diesel (a.k.a. Dieseline). Optical 

diagnostics of the combustion process is applied to investigate with high spatial 

resolution the phenomena involved in the combustion chamber. In particular, non-

conventional optical diagnostics in the visible and infrared spectra is applied for the 

investigation of the injection and combustion processes. 

 

Introduction 

RCCI is a variant of homogeneous charge compression ignition that provides more 

control over the combustion process and has the potential to dramatically lower 

fuel use and emissions [1]. It uses in-cylinder fuel blending with two fuels of 

different reactivity and multiple injections to control in-cylinder fuel reactions and 

optimize combustion phasing, duration, and magnitude. The process involves 

introduction of a low reactivity fuel into the port to create a well-mixed charge of 

fuel, air, and recirculated exhaust gases. The high reactivity fuel is injected before 

ignition using single or multiple injections directly into the combustion chamber.  

By appropriately choosing the properties of the fuel charges, their relative amounts 

and timing, the combustion can achieve optimal power output (fuel efficiency), at 

controlled temperatures (controlling NOx emissions), with controlled equivalence 

ratios (controlling PM emissions). In fact, key benefits of the RCCI strategy 

include lowered NOx and PM emissions, reduced heat transfer losses, increased 
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fuel efficiency, and the elimination of expensive after-treatment systems. Many 

studies investigated the characteristics of the port-injected fuel while also the effect 

of the direct-injected one plays a main role in the combustion evolution. In [2], this 

issue has been addressed by running the upper and lower edges of the engine map 

with port-injection of gasoline and direct-injection of a blend of gasoline and diesel 

(a.k.a. Dieseline). This paper reports the investigation of an engine conditions of 

the lower map edge, analyzed in [2], using non-conventional optical diagnostics in 

the visible and infrared spectra. 
 

Experimental Setup 

The optical compression ignition single-cylinder engine used in this work is 

derived from a commercial four-cylinder 1.9l compression ignition engine for 

passenger cars. The single-cylinder engine layout is shown in figure 1. The optical 

engine is equipped with a conventionally extended piston with a piston crown 

window of 46 mm diameter and 12 mm thickness which provides full view of the 

combustion bowl by locating an appropriate 45° fixed infrared-visible mirror inside 

the extended piston. The window is made of sapphire, material that has good 

transmission properties from the ultraviolet to the infrared band [3]. For the fuel 

direct-injection, the engine is equipped with a Common Rail injection system with 

a solenoid driven injector with 7 holes of 0.141 mm diameter. While for the port-

fuel injection, a gasoline injector with 10 holes was installed in the intake port and 

connected to an automotive electric pump. Gasoline was injected in the intake port 

while a blend of gasoline and diesel (a.k.a. Dieseline) was directly injected in the 

cylinder. To record the in-cylinder pressure, a piezoelectric pressure transducer is 

set in the glow-plug seat of the engine head. The heat release rate is calculated 

from the ensemble-averaged pressure data using the first law of thermodynamics 

and the ideal gas model [4]. All the data presented were obtained with the engine 

operating in continuous mode.  

This study reports the results of one engine operating condition, representative of 

the engine behavior during the Worldwide Harmonized Light Vehicles Test Cycle. 

The condition is derived from [2] and belongs to the lower edge of the engine map 

operating in RCCI mode. The engine speed is 1500 rpm and the brake mean 

effective pressure (BMEP) is 2 bar. 

A high-speed complementary metal-oxide semiconductor visible camera is used to 

detect the images of the liquid spray and sooting flames in the combustion 

chamber. The camera has 1024 x 1024 pixels and a high sensitivity over a wide 

visible range (400-900 nm). It is equipped with a visible lens of 50 mm focal 

length. Two halogen continuous lamps light the jets in the bowl via the 45° mirror 

for the imaging of the injection phase. Images of 256 x 256 pixels are recorded at 

30000 fps in each combustion cycle. An exposure time of 32 µs and f-stop 1.8 is 

used for the analysis of the injection process, and 10 µs, for the combustion 

process. 

Thermal imaging is performed using a fast infrared (IR) camera (320 x 256 pixels) 
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working in the range 3.0-5.5 µm. The IR camera has a sensor made of Indium 

Antimonide and it is equipped with a 50 mm lens. In the last years, the application 

of IR imaging to internal combustion engines has revealed to be a powerful tool for 

the diagnostics of injection and combustion processes. The self-emission of 

carbon-hydrogen (C-H) single bonds can be detected at about 3.32µm [5]; then, IR 

technique at this wavelength was used as diagnostics for fuel vapor detection [5, 6]. 

The image resolution was 64 x 72 pixels. The acquisition frequency was 10000 Hz, 

and the exposure time was 66 µs, then images were resolved in the cycle. A 

bandpass filter at the wavelength 3.32µm ± 0.35µm was been used to detect the 

fuel vapor phase because of its sensitivity to the C-H single bond stretch. 
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Figure 1. Single-cylinder optical engine. 

 

Results 

Figure 2 shows the curves of rate of heat release (ROHR) and current to the 

injectors for RCCI and conventional diesel combustion (CDC) at the same speed 

and load, as reference. The CDC is characterized by a multi-injection strategy, in 

particular, two injection events, called pilot and main; they are visible at -16 and -6 

degrees crank angle (°CA). For the RCCI, only the direct injection of Dieseline is 

reported, at -38°CA, while the port injection of gasoline is at -340°CA (not 

reported in the graph). In the figure, the start of combustion (SOC) is indicated on 

the rate of heat release curve with dashed lines. The SOC is at -8°CA for CDC 

while it is strongly anticipated for RCCI, at -18°CA. This means that for CDC, the 

main injection penetrates in an environment where there are already high 

temperatures and air-fuel reactions. Therefore, the ignition delay of this injection is 

very short and the mixing process is not efficient. The opposite is for RCCI, where 

there is a long ignitions delay, more than 10°CA, that ensures the well mixing of 

the direct injection with the air and the fuel injected in the intake port. The ROHR 

for RCCI is characterized by two phases. The first peak with low intensity is 

relative to low-temperature reactions, no luminous flames is detected in the 

combustion chamber and the directly injected fuel is burning in this phase. 
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Subsequently, the high-temperature reactions take place, all the available fuel burns 

in this phase and the highest value of ROHR is reached. The peak of ROHR is 

however lower than the one of CDC, ensuring a lower formation of nitrogen 

oxides. Finally, the RCCI is also characterized by a smoother tail of ROHR that 

help oxidize the carbonaceous particles. 

 

 
Figure 2. Comparison of the rate of heat release and current to injectors for RCCI 

and CDC mode. 
 

Images of the direct injection of Dieseline have been recorded in cycle resolved 

mode and a selection is presented in Figure 3. It can be seen that the infrared (IR) 

imaging catches the start of injection as the visible imaging does. A longer spray 

penetration and also a wider extension of the jets in the transverse direction can be 

observed. This is due to the detection, in the IR, of the fuel vapor that surrounds the 

liquid, in front of the jet and on its periphery. Another detail that can be detected 

only in the IR is the jets impingement on the chamber walls (-28.7°CA and -

27.8°CA); whereas, visible imaging shows only the jets body attached to the 

injector in the center and low details of the jets tip.  

In the IR, the jets assume the typical mushroom shape and fuel is seen to spreads 

laterally, following the circular chamber shape. The IR imaging, compared to the 

visible imaging, also shows the presence of fuel gradients (see the color-bar in the 

figure) from the center of the jet to the periphery (-32.6°CA) and from the nozzle to 

the chamber walls (-28.7°CA and -27.8°CA). 
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Figure 3. Images of the injection process in RCCI mode in the visible and infrared 

band for liquid and vapor phase visualization. 

 

A selection of images of the combustion phase has been presented in Figure 4 in 

the visible band. The flames of RCCI combustion are very weak and can be better 

visualized using the whole visible spectrum. The first comment concerns the 

flames distribution that is not linked to the jets axis location as it is typical for 

CDC. The first luminous flames can be detected only at -2°CA, that is quite far 

from the start of low-temperature combustion, at -18°CA, as previously seen. Then 

the combustion evolves as a series of small luminous flame spots. Their intensity 

does not increase much over time and their location seems to move toward the 

lower-right part of the combustion chamber. This behavior may be due to the direct 

fuel injection distribution in the chamber and to the swirl motion of the air (rotation 

around the cylinder axis). The flames can be seen up to 28°CA, that is at the end of 

the tail of the ROHR. The main comment about the detection of luminous flame 

spots in place of a single flame area in RCCI mode is that using this strategy, the 

combustion is mainly kinetically controlled. 
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Figure 4. Images of the combustion process in RCCI mode in the visible band. 
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Conclusions 

This paper deals with RCCI combustion using Dieseline as direct-injected fuel in 

an optically accessible compression ignition engine. To perform RCCI combustion 

some engine hardware modifications were needed. 

RCCI is characterized by advanced start of combustion, longer mixing time and 

lower peak of ROHR. Infrared visualization of fuel revealed gradients of fuel 

concentration in the jets and vapor impingement. RCCI combustion is 

characterized by almost homogeneous, low luminous combustion flames. The 

appearance of flame spots does not depend on jets location and indicates a manly 

kinetically controlled combustion evolution. 

 

Nomenclature 

°CA  Crank Angle Degree 

BMEP  Brake Mean Effective Pressure 

CDC  Conventional Diesel Combustion 

IR  Infrared 

LTC  Low-Temperature Combustion 

NOx  Nitrogen Oxides 

PM  Particulate Matter 

RCCI  Reactivity Controlled Compression Ignition 

ROHR  Rate Of Heat Release 

SOC  Start Of Combustion 
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