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Abstract 12 

The use of alternative fuels in compression ignition engines, either completely or 13 

partially replacing the conventional ones, have potential to reduce pollutant emissions 14 

(especially soot). However, some of these fuels do not provide good ignition features 15 

under diesel engine like conditions, which affects engine efficiency. Thus, in order to 16 

extend the application of alternative fuels, the current research proposes the use of a 17 

laser induced plasma ignition system to assist on the combustion of blends of fuels with 18 

less reactivity than pure diesel. This fuel has been chosen as the base component and it 19 

has been mixed with gasoline (as the low-reactivity fuel) in different ratios as an example 20 

of fuels with very different reactivity properties. Tests have been performed in a single 21 

cylinder optically accessible engine, allowing deeper study of combustion development 22 

and soot formation. For different in-cylinder conditions and fuel blends, the effect of 23 
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laser induced plasma ignition system has been evaluated at different crank angle 24 

degrees and locations inside the combustion chamber. The application of these blends 25 

under low-reactivity engine conditions show that combustion efficiency is dramatically 26 

affected. However, the study proves that it is possible to control blend ignition delay 27 

and flame lift-off length by means of laser induced plasma. Besides, using the proper 28 

ignition system configuration, combustion characteristics similar to those of diesel fuel 29 

autoignition can be achieved for high gasoline substitution rates. They lead to similar 30 

energy release rates, which confirms that diesel-gasoline blends can reach a combustion 31 

efficiency close to pure diesel, while a strong reduction on soot formation was also 32 

obtained. These results open a door to efficiency improvement and pollutant reduction 33 

by means of a highly tunable ignition of alternative fuel blends. 34 

 35 

Keywords: dieseline; compression ignition engine; laser plasma ignition; alternative 36 

fuel; soot reduction. 37 

 38 

1. Introduction 39 

Internal Combustion Engines (ICE) play a major role in our society as they represent the 40 

main road transportation powertrain mode. However, the use of any kind of fossil fuel 41 

implies pollutant emissions. For this reason, after a century of use, their footprint is 42 

undeniable. On one hand, the large particulate matter and NOx concentrations in high-43 

dense traffic areas, which are related with serious health issues. On the other hand, the 44 

CO2 emissions that contribute to the green-house effect and global warming (Wang et 45 

al., 2020). In this context, new powertrain technologies have arisen during last years. 46 

The electric motor or the hydrogen fuel cell are good examples. Nevertheless, they are 47 
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still more expensive solutions than ICE and require an infrastructure which hinder their 48 

short-term expansion (Hu et al., 2020). For this reason, it is mandatory that industry and 49 

researchers keep developing new solutions to minimize ICE environmental impact while 50 

improving their efficiency.  51 

In this regard, the benefits of using alternative fuels in compression ignition (CI) engines 52 

are evident. Biofuels and bio-alcohols (Bae and Kim, 2017; Hossain and Davies, 2010), 53 

liquefied petroleum gas (LPG) (Goto et al., 1999; Jian et al., 2001) or synthetic fuels like 54 

the oxymethylene ethers (OMEx) (Liu et al., 2019; Omari et al., 2017; J.V. Pastor et al., 55 

2020) have been the focus of many research works. Even blends of conventional fuels 56 

(e.g., dieseline) playing this role have been evaluated (Sequino et al., 2020).  However, 57 

some of the most promising alternatives (e.g., oxygenated bio-alcohols) cannot be used 58 

independently due to its lower chemical reactivity or low heating value (Kumar et al., 59 

2013; Miller Jothi et al., 2007; Rajak et al., 2020). In general, a lower reactivity results in 60 

larger ignition delays which, on one hand, improve air-fuel mixture and reduce soot 61 

formation (Pickett and Siebers, 2004). However, on the other hand, combustion 62 

efficiency could be affected and, even under certain circumstances (low temperature 63 

and low oxygen concentration), autoignition could not take place (Kim and Choi, 2008; 64 

Yilmaz et al., 2014). To overcome this drawback, alternative fuels are usually blended 65 

with conventional fuels. Nevertheless, mixture fraction is still sometimes limited and, 66 

consequently, its effects over pollutant formation and/or efficiency are reduced. 67 

A way to extend the application of low-reactive fuels in CI engines is combining them 68 

with ignition systems, to assist and control combustion phasing. This strategy is being 69 

exploited for Low Temperature Combustion (LTC) modes (Pastor et al., 2013). In this 70 



4 
 

context, conventional spark plugs have been used under wide range of engine operation 71 

conditions (Benajes et al., 2013; Triantopoulos et al., 2020). However, it is difficult to 72 

apply them in conventional diffusion combustion and not many applications can be 73 

found in this regard. In the last decade, some alternatives to electrical discharge plugs 74 

have been investigated. The microwave-assisted plasma (Hwang et al., 2017) or the laser 75 

induced plasma (LIP) are good examples. The LIP system consists on a short laser pulse, 76 

which is fired into the combustion chamber and causes air molecules to breakdown and 77 

release energy. Weinberg et al. (Felix Jiri Weinberg, 1971) first reported the capability 78 

of this technique to ignite combustible mixtures and Dale et al. (Dale et al., 1978) proved 79 

its success in internal combustion engines, even improving spark plug performance 80 

under lean mixture conditions. In the last years, the development of new combustion 81 

concepts (both SI and CI) has renewed the interest for this ignition technique (Genzale 82 

et al., 2011; Phuoc, 2006; Weinrotter et al., 2005). 83 

In this work, a LIP ignition system has been evaluated to assist the ignition of a                               84 

low-reactivity fuel (LRF) blended with diesel, in a CI engine. The main objective of the 85 

study is, on one hand, to prove that LIP is effective in facilitating the ignition of low-86 

reactivity fuel blends under variety of engine operating conditions. On the other hand, 87 

to characterize combustion performance and soot formation of the blends under forced-88 

ignition conditions. The laser system was developed on purpose and allows adjusting 89 

ignition timing and location inside the combustion chamber. Diesel has been chosen as 90 

base-line fuel while regular gasoline has been chosen as LRF, due to its high availability 91 

and ease of use. First, the study addresses the behavior and limitations of the different 92 

blends of gasoline and diesel to auto-ignite and burn efficiently under selected operating 93 

conditions. Then, the LIP system is applied to control combustion phasing and location, 94 
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in order to improve combustion performance. For this study, three optical techniques 95 

were applied simultaneously to visualize and measure flame radiation, soot light 96 

extinction and OH* chemiluminescence. Besides, they were combined with in-cylinder 97 

thermodynamic analysis to characterize combustion process. Results confirm that, 98 

under low-reactivity operating conditions, blends with high LRF fraction do not ignite. 99 

Under these circumstances, the LIP system is able to ensure ignition. Besides, it allows 100 

controlling combustion phasing and spatial location in terms of parameters such as 101 

ignition delay or lift-off length, showing the way to efficiency improvement and 102 

pollutant reduction by means of a highly tunable ignition.  103 

This research proves that diesel-gasoline blends, mixed out of the engine cylinder, have 104 

potential to reduce soot emissions in CI engines as long as they are combined with an 105 

ignition system as it is proposed in this work. Results presented here open a door to 106 

extend the use in CI engines of certain alternative fuels, in combination with a highly 107 

tunable ignition system, to reduce pollutant emissions without affecting engine 108 

efficiency and therefore, CO2 emissions. The application of this strategy in the near 109 

future is probably more suited to heavy duty engines, with lower space restrictions and 110 

larger sprays, which makes control of ignition and lift-off by means of laser easier to 111 

implement. Additionally, the LIP system has shown great potential as a research tool. It 112 

allows forcing ignition characteristics and isolate them from latter soot formation. This 113 

will allow deepening in future works into the pollutant formation mechanisms related 114 

with fuel molecule structure among others. 115 

Considering the above-mentioned, the novelty of the present work is twofold: on the 116 

one hand, the application of a LIP ignition system to assist ignition of different blend 117 

ratios of a low-reactivity fuel (LRF) under variety of CI engine-like conditions; on the 118 
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other hand, the confirmation of the improvement of engine combustion of the              119 

gasoline-diesel blends with a forced ignition event, which maybe uncoupled from the 120 

fuel reactivity properties. 121 

 122 

2. Experimental Methodology 123 

2.1. Experimental facility 124 

Test were performed in an optically accessible test rig, which is described in detail in 125 

(Bermúdez et al., 2003). It is based on a 2-stroke single cylinder direct injection CI engine 126 

(Jenbach JW 50), with three liter displacement and 15.7 effective compression ratio. The 127 

cylinder head was especially designed to provide four optical accesses to a cylindrical 128 

shaped combustion chamber. In this way, spray-wall interaction is avoided. Air 129 

management is handled by transfers on the liner. Thus, the cylinder head has only one 130 

port on the upper part where the injector is mounted. One of the optical accesses is 131 

used to install a pressure transducer, while the other three are equipped with oval-132 

shaped quartz windows, 88 x 37mm and 28mm thickness. A cutaway view is presented 133 

in Figure 1. 134 

 135 

Figure 1 Cutaway view of the cylinder head layout (Pastor et al., 2016a) 136 
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In-cylinder operating conditions are controlled by means of intake air temperature and 137 

pressure. For this purpose, two sets of electrical resistors are installed at the intake line, 138 

while a root compressor is used to achieve the desired pressure. Engine is motored at 139 

500rpm to minimize air movement within the combustion chamber and avoid disturbing 140 

spray evolution when the piston is reaching top dead center. The test rig is operated 141 

under skip-fired mode (one injection each 30 cycles), so in-cylinder thermodynamic 142 

conditions when fuel is injected are constant between different injection cycles. Besides, 143 

it ensures optical accesses integrity by reducing both thermal and mechanical stress. The 144 

cylinder head and engine block temperature is controlled by a cooling system, and the 145 

temperature is set to 353K to ensure good lubricant properties. 146 

A conventional common-rail injection system was used, in combination with a 147 

piezoelectric injector with a single-hole 140µm diameter nozzle. The orifice was 1mm 148 

long with conical shape (Ks factor of 1.5). The fuel injected mass was low in comparison 149 

with the trapped air inside the cylinder, so thermodynamic conditions inside the 150 

combustion chamber were not affected by fuel evaporation (Nerva, 2013). Besides, 151 

thanks to the low injection rate, nozzle tip and injected fuel temperature could be 152 

considered constant between different injection cycles.  153 

 154 

2.2. Laser induced plasma ignition system 155 

A high-energy pulsed Nd:YAG laser (Continuum Surelite II) was used as the radiation 156 

source to induce plasma inside the combustion chamber. It was operated at 10Hz, with 157 

a maximum energy per pulse of 350mJ at 1064nm. The beam was directed into the 158 

combustion chamber by means of a periscope arrangement, which allowed to vary 159 

plasma location along the spray axis (Figure 2). An nBK-7 spherical lens, with 300mm 160 
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focal length, was used to focus the beam at the spray axis. More details regarding the 161 

optical arrangement can be found at (Pastor et al., 2016b), as well as a study of the 162 

repeatability and the reliability of the LIP system.  163 

 164 

2.3. Fuel properties 165 

Two different diesel-gasoline blends were used in this study and compared with pure 166 

diesel, which was considered as the reference fuel. They contained 50% and 70% of 167 

gasoline in volume. They have been identified in the manuscript as “5050” and “7030” 168 

respectively, while pure diesel has been named as “B0”. Lower gasoline blend ratios 169 

showed no significant differences compared to the reference fuel, while larger gasoline 170 

ratios did not ignite under any circumstance, hindering the evaluation of the LIP 171 

contribution. Main properties of the two components are presented in Table 1. 172 

Parameter Gasoline  Diesel 

Density at 15ºC [𝑘𝑔/𝑚3]  755.0 834.7 

Chemical formula C6.43H11.97O0.21 C15H31.9 

Lower heating value [𝑀𝐽 𝑘𝑔⁄ ]  41.29 42.97 

Auto ignition [°C] 400 245-285 

Research cetane number  - 53 

Research Octane Number 103 - 

Table 1 Gasoline and diesel relevant properties, obtained from (J. Pastor et al., 2017) 173 

 174 

2.4. Operating conditions 175 
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Three different in-cylinder operating conditions were considered in this study. They 176 

have been summarized in Table 2, indicating the representative values around top dead 177 

center (TDC). An ambient density of 22.8kg/m3 was kept constant among the three 178 

points, while temperature was varied between low temperature (780K), medium 179 

temperature (830K) and high temperature (870K). Atmospheric air was used; thus, 180 

oxygen concentration was kept at 21%. In-cylinder conditions were calculated, 181 

according to the methodology described in (Bermúdez et al., 2003). It is based on the 182 

application of a first-law of thermodynamics to the in-cylinder pressure signal, to cycles 183 

without fuel injection. It takes into account blow-by losses, heat transfer and mechanical 184 

deformations. Due to the piston movement, air temperature and density vary along the 185 

cycle and, consequently, they are not constant during the fuel injection event. However, 186 

between the start of energizing (3 CAD before TDC) and the ignition of the fuel 187 

(maximum 3 CAD after TDC), this variation is limited to 1%. Two injection pressures 188 

(1000 and 1500bar) were considered for the three in-cylinder thermodynamic 189 

conditions. These operating conditions were chosen as they can be considered as 190 

representative of conventional compression ignition engine operating conditions.  191 

Operating 

Condition 

Injection 

Pressure [bar] 

Temperature 

[K] 

Density 

[kg/m3] 

Oxygen 

[%] 

LT 

1000/1500 

780 22.8 21 

MT 830 22.8 21 

HT 870 22.8 21 

Table 2 Summary of engine operating conditions 192 

For all tests, 30 injections were recorded in order to obtain statistically representative 193 

results, while reducing the influence of engine operating variability. The injector 194 
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energizing time was set to 3ms (9CAD) for all conditions, which results in approximately 195 

6ms (18CAD) real injection duration, considering electrical and hydraulic delays. The 196 

injector was triggered at 3CAD before TDC (SoE). The start of injection (SoI), however, 197 

depends on the fuel type as it was reported by Dong et. al (Han et al., 2014) . The results 198 

showed that the more content in gasoline increased the delay between start of 199 

energizing and start of injection. The effect decreased with injection pressure, but it was 200 

still visible at 1000bar. For this reason, each fuel’s SoI was determined based on the 201 

high-speed extinction images. This parameter has been used as the reference to 202 

compare all results.   203 

 204 

2.5. Pressure signal analysis 205 

The measured in-cylinder pressure was used to characterize the combustion process. 206 

The signal was registered by an AVL GU13P pressure transducer, coupled to a Kistler 207 

5011 amplifier. The acquisition was synchronized through a flywheel magnetic encoder, 208 

providing a 6kHz sampling frequency. The pressure signal of every acquired combustion 209 

event consisted of a pair of engine cycles: the combustion cycle and the previous 210 

motored one. 211 

This signal was used to measure ignition delay (ID). For each repetition, the combustion 212 

and motored cycle pressures were subtracted (∆P). Then, ID was calculated as the time 213 

elapsed between SoI and the first instant when ∆P rise exceeds two times the standard 214 

deviation of a moving sampling of the ∆P signal. Additionally, the in-cylinder pressure 215 

signal was also utilized to obtain the apparent heat released (aHR) and the apparent rate 216 
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of heat released (aRoHR). They were calculated by applying the first-law of 217 

thermodynamics to the cylinder volume for combustion cycles. 218 

 219 

2.6. Optical techniques 220 

Three optical techniques were applied simultaneously to analyze performance of LIP 221 

ignition system and its effects over soot formation: Natural Luminosity (NL), Diffused 222 

Back Illumination extinction (DBI) and OH* chemiluminescence (OH*). A sketch of the 223 

optical set-up is presented in Figure 2 . As it can be observed, two optical accesses were 224 

dedicated to DBI and NL, while the third one was used for LIP and OH*. 225 

 226 

Figure 2 Sketch of the optical set-up 227 

2.6.1. OH* chemiluminescence 228 

The OH radicals are widely recognized as tracers of high temperature combustion zones 229 

in diffusion flames (Higgins and Siebers, 2001), where fuel and soot oxidation takes 230 

place. For this reason, they have been traditionally used to measure flame lift-off length 231 

(LOL). This parameter refers to the distance between the nozzle and the closest region 232 
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where high-temperature reactions take place. It is strongly related with the later soot 233 

formation (Pickett and Siebers, 2004). These radicals emit spontaneous radiation in the 234 

UV region (280 - 350nm) and its visualization makes it possible to measure LOL. For this 235 

purpose, an Andor iStar 334T ICCD was used, equipped with a 100mm focal length f/2 236 

UV Bernhard Halle lens. An interference filter, centered at 310nm (FWHM = 10mm), was 237 

placed in front of the camera to remove most of the flame’s radiation while keeping the 238 

OH* chemiluminescence. The intensifier gating was set to 1ms, and only one image per 239 

combustion cycle was registered.  This configuration was chosen in order to minimize 240 

the influence of small air-flow turbulences that appears in the combustion chamber, due 241 

to piston movement. In this way, time-integrated signal was registered and the effect of 242 

small fluctuations on the flame structure was minimized.  The corresponding time 243 

interval chosen was from 760 to 1760ms aSoI. This ensured that ignition took place for 244 

all operating conditions during signal registering. Besides, in-cylinder conditions did not 245 

vary significantly due to piston movement.  The optical set-up resulted in a pixel/mm 246 

ratio of 9.1 in the flame axis direction, which takes into account the misalignment 247 

between the flame and the ICCD. Image processing was done as described in (Pastor et 248 

al., 2016a). First, a background segmentation was applied based on the dynamic range 249 

of each image. Then, LOL was calculated as the average distance between the nozzle 250 

and the ten nearest pixels of the flame. 251 

2.6.2. Natural luminosity imaging 252 

In the visible range, most of the flame spontaneous radiation corresponds to soot 253 

thermal radiation (Pastor et al., 2016b). For this reason, flame Natural Luminosity (NL) 254 

can be used as a simple tool to obtain information about combustion evolution and soot 255 
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formation. However, it is important to highlight that radiation intensity is related with 256 

both soot temperature and concentration (Pastor et al., 2016a). Besides, NL includes 257 

minor contributions of chemiluminescence too, which could be relevant in low sooting 258 

flames. For this reason, care must be taken when interpreting results and its application 259 

is usually limited to qualitative analysis.  260 

To register NL signal, a high-speed Fastcam Photron SA-5 CMOS camera was used. It was 261 

equipped with a 100mm focal length and f/2 lens, resulting in a pixel/mm ratio of 11. As 262 

it will be described below, a 660nm LED was employed for DBI measurements. 263 

Therefore, in order to avoid crosstalk between the NL signal and the LED, an interference 264 

filter centered at 850nm (FWHM = 40 nm) was installed in front of the high-speed 265 

camera. The detector was set to record at 25kHz sampling rate and 40µs exposure time. 266 

Additionally, a 50% transmission beam splitter was placed in front of the camera to 267 

direct half of the light coming from the engine to the DBI detector.   268 

2.6.3. Diffused back-illumination extinction imaging 269 

Diffused back-illumination (DBI) extinction imaging was applied in this study to analyze 270 

soot formation within the flame. The technique is based on measuring the light 271 

attenuation caused by soot particles, which can be related with their optical properties 272 

by means of Lambert-Beer’s law, as described in Equation (1) (J.V. Pastor et al., 2015). A 273 

LED light source with an emission spectrum centered at 660nm was used to create a 274 

high-power pulsed illumination. It was combined with a diffuser to create a diffused 275 

Lambertian intensity profile (Westlye et al., 2017). At the other side of the cylinder head 276 

(Figure 2), the LED radiation was directed by a 50% reflection beam splitter towards the 277 

detector. In this work, a high-speed Photron Fastcam SA-X2 CMOS camera was used, 278 
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equipped with a 100mm focal length and f/2 lens. It was set to acquire at 25kHz with an 279 

exposure time of 0.29µs. 280 

The light arriving to the detector corresponds to the LED light source together with soot 281 

radiation. For this reason, an interference filter centered at 660nm (FWHM = 10nm) was 282 

placed in front of the detector to minimize crosstalk between both light sources. 283 

However, thermal radiation at this wavelength is still intense and DBI measurements 284 

could be biased. To solve this, the flashing frequency of the LED was set as half of the 285 

camera acquisition rate to capture a flame radiation image between every two LED 286 

pulses. Then flame luminosity could be quantified to correct the LED signal. According 287 

to the Lambert-Beer’s law, the soot optical thickness (KL) was calculated as: 288 

𝐼−𝐼𝑓

𝐼0
= exp⁡(−𝐾𝐿)    (1) 289 

Where I refers to the sum of the transmitted LED light and flame radiation at 660nm. If 290 

is the flame radiation, registered when the LED is off. I0 is the LED reference intensity, 291 

measured before the start of injection. The product KL represents the accumulated soot 292 

extinction along the light path, which is related with the soot concentration (Tiemin 293 

Xuan et al., 2019). In this work, analysis has been done based on this parameter.  294 

 295 

3. Results and discussion 296 

Experimental results are presented and discussed as follows: first, a summarized 297 

analysis of the autoignition behavior of the blends has been presented to identify their 298 

operating limits; then, the capabilities and contributions of the LIP ignition system to 299 

assist fuel ignition have been detailed; finally, the effects of LIP ignition assistance over 300 

combustion development and soot formation have been described. 301 
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 302 

3.1. Autoignition 303 

In Table 3, the effectiveness of the 7030 blend to auto-ignite under the different 304 

operating conditions considered in this work is summarized. It was calculated as the 305 

percentage of cycles in which autoignition took place out of 30 injections. As it can be 306 

observed, under LT conditions, this fuel is not reaching 100% effectiveness. Besides, it 307 

decreases as injection pressure increases. Results corresponding to B0 and 5050 haven’t 308 

been included as it was 100% for all the cases. Misfiring of similar blends (gasoline-309 

biodiesel) in CI engines, at in-cylinder temperatures around 780K, has been already 310 

reported in the literature (Vu et al., 2019). 311 

Injection Pressure [bar] LT MT HT 

1000 13% 100% 100% 

1500 7% 100% 100% 

Table 3 Autoignition effectiveness for 7030 blend 312 

Based on the effectiveness data, one could state that the LIP ignition system should be 313 

used under unfavorable operating conditions where blends do not auto-ignite. 314 

However, the ignition delay is another aspect that must be considered. The flame 315 

natural luminosity evolution for B0 and the two blends, at MT operating conditions and 316 

1000bar injection pressure is presented in Figure 3. A simple analysis indicates a 317 

different ID between the three fuels. The first frame (at 2160µs aSoI) of the sequence 318 

shows that combustion already started for B0 but not for 5050 or 7030. Additionally, 319 

when comparing both blends, it is possible to see that visible radiation appears later in 320 

the cycle when increasing the gasoline fraction. This behavior confirms that this fuel is 321 
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delaying the blend autoignition. When comparing B0 (reference) with the two blends 322 

for all the operating conditions (Figure 4), both 5050 and 7030 present higher ID values. 323 

As the gasoline fraction increases, the blend reactivity decreases (AlAbbad et al., 2019; 324 

Vu et al., 2019; Wang et al., 2015).  325 

 326 

Figure 3 Flame natural luminosity sequence for B0 and the two blends, at MT operating conditions and 1000bar 327 

injection pressure without LIP ignition assistance. Images correspond to single injection events. 328 

 329 

Figure 4 Ignition delay corresponding to 5050 and 7030 autoignition, compared to B0, for all operating conditions   330 
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The later ignition of 5050 and 7030 affects combustion development and energy release. 331 

In Figure 5, the aRoHR (left) and aHR (right) for B0 and 7030 at LT, MT and HT operating 332 

conditions and 1000bar injection pressure are shown. Results corresponding to 5050 333 

and 1500bar have not been included for more clarity of the figure. As it could be 334 

expected, the accumulated energy released (aHR) is strongly affected by ID. A more 335 

delayed start of combustion causes a shorter combustion duration but also a lower 336 

RoHR. This is especially observable when comparing B0 and 7030 at LT conditions.  337 

 338 

Figure 5 Apparent Rate of Heat Release (left) and apparent Heat Released (right) for B0 and 7030 autoignition 339 

combustion, at 1000bar injection pressure. 340 

 341 

3.2. Laser induced plasma ignition  342 

According to the above mentioned, the lower reactivity of gasoline causes larger ignition 343 

delays and affects combustion and energy release. Worst-case scenario, even under 344 

certain conditions, autoignition of the 7030 blend does not take place. In these 345 

circumstances, the application of an “external” ignition system seems justified. 346 

According to previous studies published by Pastor et al. (J. V. Pastor et al., 2017), timing 347 
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and location of the LIP define the ignition delay and the lift-off length of the resulting 348 

combustion. It means that not only a proper ignition and combustion phasing could be 349 

achieved, but also soot formation could be influenced by means of the flame’s LOL. 350 

In order to identify a proper configuration of the LIP ignition system, a sweep of both LIP 351 

timing and location was performed for 5050 and 7030 blends. B0 autoignition has been 352 

considered as a reference for this study and, for this reason, no LIP ignition tests were 353 

carried out with this fuel. Table 4 summarizes the different LIP configurations evaluated. 354 

The locations are defined as the distance to the nozzle along the spray axis, and delays 355 

are measured from SoI. They were chosen taking into account that the system does not 356 

work properly under high fuel/air ratios (close to the nozzle) (J. V. Pastor et al., 2017) 357 

and how the spray penetrates in the combustion chamber. This was previously 358 

characterized by Pastor et al. (J. Pastor et al., 2017) for the same operating conditions 359 

and hardware used in this work. It must be noted that LIP position sweep for 7030 at LT 360 

operating conditions has not been included in this work, due to experimental issues 361 

found during analysis. In this case, only LIP at 22.5mm is reported. For most of the LIP 362 

configurations tested, 100% ignition efficiency was achieved. Only at 42.5 mm from 363 

nozzle, LIP effectiveness was almost 0 for both fuels. In this case, plasma was generated 364 

at the tip of the spray. Even, for some repetitions, the spray did not reach that distance 365 

when the laser was fired. For this reason no results related with this configuration have 366 

been presented in this work. 367 

LIP distance [mm] 15 17.5 22.5 32.5 42.5 

LIP delay 

(aSoI) [µs] 

160   X   

560 X X X X X 

960   X   
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1360   X   

Table 4 Summary of LIP system configurations evaluated in this work 368 

 369 

Figure 6 Effect of LIP distance (left) and LIP delay (right) over Ignition delay for 7030 at 1000 (blue) and 1500bar 370 

(red) injection pressure.  371 

In Figure 6 the effect of LIP location (left) and delay (right) over ID is reported for 7030. 372 

Results correspond to 1000 and 1500bar at the three operating conditions. As it can be 373 

observed, the parameter that controls ignition delay is the LIP delay. As it increases, ID 374 

rises in the same proportion. In general, ignition takes place between 10 to 100µs after 375 

plasma is induced. In contrast, LIP distance shows no influence. When moving 376 

downstream the nozzle, plasma is induced under different air/fuel ratios. Thus, results 377 

suggest that the mechanisms triggered by the LIP progress with the same efficiency for 378 

a wide range of fuel concentration values. Additionally, it must be highlighted that, out 379 

of the range of LIP locations chosen for this study, the LIP system did not trigger ignition 380 

at all and no progressive transition was observed from effective to non-effective ignition 381 

system. Regarding operating conditions, there is no noticeable effect over the LIP 382 

induced ignition delay. 383 
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When evaluating flame lift-off length, the effect of LIP configuration is the opposite as 384 

the one reported for ignition delay. In Figure 7, the effect of LIP location (left) and LIP 385 

delay (right) over LOL for 7030 is shown. Results correspond to 1000 and 1500bar, at MT 386 

and HT operating conditions. In this case, an influence of the ignition system is observed 387 

when increasing the distance between the LIP and the nozzle. However, the effect of 388 

injection pressure upon LOL, which is usually observable when autoignition takes place, 389 

seems to be absent. No significant differences were detected between 1000 and 390 

1500bar in comparison with the standard deviation of measurements (error bars). In 391 

general, it can be observed that LOL stabilizes downstream the LIP distance. However, 392 

in contrast with the ID, in this case operating conditions play an important role. When 393 

in-cylinder temperature increases, the induced LOL decreases and so it does the gap 394 

with LIP as ignition is taking place in a more reactive environment (Pickett and Siebers, 395 

2004).  396 

 397 

Figure 7 Effect of LIP distance (left) and LIP delay (right) over lift-off length for 7030 at MT (blue) and HT (red) 398 

operating  conditions, with 1000 (continuous line) and 1500bar (dashed line) injection pressure. 399 
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The LIP configuration effect was also evaluated for 5050. In this case, the behavior 400 

observed regarding induced ID and LOL was similar to the one reported for 7030.  401 

 402 

3.3. Laser induced plasma assisted combustion 403 

The evaluation of different LIP positions and delays for both blends allowed to identify 404 

several configurations which provided similar ID and LOL values to those obtained for 405 

B0 autoignition. They have been summarized in Table 5, where results obtained for the 406 

two blends and B0 at 1000bar injection pressure are compared. The same configurations 407 

were chosen for 1500bar.  408 

 7030 5050 B0 

 LIP 
distance 

[mm] 

LOL 
[mm] 

LIP 
delay 

[µs] 

ID [µs] 
LIP 

distance 
[mm] 

LOL 
[mm] 

LIP 
delay 

[µs] 

ID [µs] 
LOL 

[mm] 
ID [µs] 

LT 22.5 29.2 960 1076 17.5 23.6 960 984.1 29.7 1021 

MT 17.5 23.8 560 715.6 17.5 25.5 260 609.43 22.6 626.6 

HT 17.5 21.7 560 645 17.5 24.0 260 587.71 21.7 404.38 

Table 5 LIP configurations chosen for 7030 and 5050 and the corresponding LOL and ID values, in comparison to the 409 

ones obtained for B0. Results correspond to 1000bar injection pressure. 410 

Based on the LIP configurations of Table 5, an analysis of the influence of LIP ignition 411 

system on 5050 and 7030 combustion process has been carried out. Results are 412 

compared with those obtained for B0 autoignition, as reference. The new combustion 413 

evolution is represented in Figure 8, where natural luminosity of B0 and the two blends 414 

is presented. Images correspond to MT operating condition and 1000bar injection 415 

pressure. In comparison with Figure 3, the new NL images confirm the reduction of ID 416 

for 5050 and 7030 blends. In both cases, plasma was generated at 560µs aSoI when B0 417 
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did not ignite yet. The LIP can be observed as a small white dot, upstream the later 418 

stabilized flame LOL. At 960µs, NL is visible for the three fuels which confirms the start 419 

of combustion. The later flame evolution of B0 and the two blends is very similar. 420 

 421 

Figure 8 Flame natural luminosity sequence for B0 and the two blends, acquired at MT operating conditions and 422 

1000bar injection pressure with LIP ignition assistance. Images correspond to single injection events. 423 

The Figure 9 shows the aRoHR for the three fuels at all operating conditions. The first 424 

thing that must be highlighted is that, in contrast with Figure 5, differences between B0 425 

and the two blends have been minimized. This proves the benefits of using an ignition 426 

system like the one proposed in this paper, in combination with less reactive fuels like 427 

diesel-gasoline blends. At the stabilized stage, in average, B0 RoHR is 15.4% higher than 428 

7030 and only 6.7% than 5050 for 1000bar injection pressure. However, it is important 429 

to highlight that these differences decrease when increasing in-cylinder temperature. 430 
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This is especially noticeable when considering 1500bar cases, where B0 aRoHR is only 431 

5% higher than 7030 and 2% than 5050. 432 

 433 

Figure 9 Apparent Rate of Heat Release for B0 and the two blends at LT (left), MT (center) and HT (right) operating 434 

conditions and 1000 (continuous line) and 1500bar (dashed line) injection pressure. 435 

According to results obtained (Figure 9), it can be stated that the more content in 436 

gasoline, the lower the RoHR obtained. As the aRoHR for diffusive combustion is 437 

controlled by injection characteristics, differences among fuels in nozzle flow could be 438 

hypothesized as a potential explanation for the reported trend. This can be related with 439 

the different physical properties between gasoline and diesel. Pastor et al. (J. Pastor et 440 

al., 2017) analyze the hydraulic behavior of a similar injection system for different 441 

substitution rates in diesel-gasoline blends. They reported that, when gasoline fraction 442 

increases at constant injection pressure, the amount of fuel injected decreases. On the 443 

other hand, as presented in Table 1, diesel has a higher heating value. All in all, 444 

increasing the gasoline fraction results in less energy available inside the combustion 445 

chamber. In order to validate this hypothesis, an estimation of aRoHR differences 446 

between B0 and each blend have been calculated. Based on experimentally measured 447 

mass-flow rate (J. Pastor et al., 2017) and the corresponding Lower Heating Value, the 448 

theoretical aRoHR (𝑚̇𝑓 ∙ 𝐻𝑐) for each blend was calculated and compared with B0. 449 
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Results show differences of 6% for 7030 and 5% for 5050 during the diffusion stage, 450 

which are smaller than the ones experimentally obtained. This conclusion, together with 451 

the fact that differences get reduced as in-cylinder temperature increases, suggest that 452 

the combustion process could be affected by the fuel composition. For example, not all 453 

the fuel is consumed under certain operating conditions. However, in order to confirm 454 

this hypothesis further investigation will be necessary. 455 

The apparent Heat Released (aHR) for B0 and the two blends is summarized in Figure 456 

10, in terms of accumulated values. The same trends as the ones described by the aRoHR 457 

are observed when quantifying the total amount of energy released during the 458 

combustion cycle. As the gasoline fraction increases the energy released decreases, 459 

despite obtaining similar combustion phasing thanks to the LIP ignition system. 460 

 461 

Figure 10 Apparent Heat Released for B0 and the two blends, at LT (left), MT (center) and HT (right) operating 462 

conditions and 1000 (continuous line) and 1500bar (dashed line) injection pressure. 463 

Results prove the potential of LIP to assist ignition of less reactive fuels, as the diesel-464 

gasoline blends, injected at variety of in-cylinder operating conditions. Focusing in LT, 465 

LIP improved ignition effectiveness to 100%, providing a more stable combustion and an 466 

aRoHR similar to the one obtained when using B0. However, it must be highlighted that 467 
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not only ID but also LOL of both blends was modified in comparison with their 468 

autoignition values. In this sense, the new LOL is shorter than the original one and its 469 

effect over soot formation is unavoidable (José V. Pastor et al., 2020; Pickett and Siebers, 470 

2004). Previous studies, where soot formation of diesel-gasoline blends was addressed, 471 

showed that an increase of gasoline faction reduced soot emissions (Benajes et al., 2017; 472 

Vu et al., 2019; Zheng et al., 2015). However, this is a reasonable behavior as the lower 473 

reactivity of this fuel increases both ID and LOL. In this work, thanks to the LIP ignition 474 

system, both parameters were kept constant despite the content in gasoline of the 475 

blends. Thus, the influence of the amount of air entrained by the fuel spray over later 476 

soot formation was almost eliminated from the analysis and the soot tendency of each 477 

fuel is highlighted.  478 

In-cylinder soot formation was measured by means of DBI imaging. In Figure 11, soot 479 

average KL distribution for B0 and the two blends is presented. Images correspond to 480 

MT operating conditions and 1000bar injection pressure. As it can be observed, despite 481 

forcing similar LOL for 5050 and 7030 in comparison to B0, still some differences are 482 

observable. Mixing diesel and gasoline reduces soot formation in comparison with 483 

burning pure diesel.  484 
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 485 

Figure 11 Soot average KL distribution sequence for B0 and the two blends, acquired at MT operating conditions 486 

and 1000 bar injection pressure with LIP ignition assistance. 487 

In order to confirm the effect of gasoline at all operating conditions, soot average KL 488 

maps are shown in Figure 12 (Pinj = 1000bar) and Figure 13 (Pinj = 1500bar). Similar 489 

representation format has been previously used by other authors (Bakker et al., 2017; 490 

T. Xuan et al., 2019). Every DBI frame was reduced to a one-dimensional vector, 491 

containing the average KL value of all its rows (considering images as two-dimensional 492 

matrices). It represents the average KL evolution along the flame axis. Then, all these 493 

vectors were assembled consecutively to obtain maps where the vertical axis represents 494 

the distance to the nozzle and the horizontal axis represents the time aSoI of each point 495 

represented. Thus, each map provides a complete combustion sequence like the ones 496 

shown in Figure 11. In both figures, maps were organized by operating condition 497 

(columns) and fuel type (rows). Additionally, the fuel-air equivalence ratio at LOL (φLOL) 498 

has been estimated and included in the figure for better interpretation of results. A 499 
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scaling law based on turbulent mixing considerations has been used (Pastor et al., 2008), 500 

which allows to represent the fuel mass fraction along the spray axis (Yf) as follows: 501 

𝑌𝑓 =
𝐾∙(𝑑0∙√

𝜌𝑓

𝜌𝑎
)

𝑋
    (2) 502 

Where X is the distance to the nozzle and K is a spray constant. The term in brackets 503 

represents equivalent diameter, which depends on the nozzle outlet diameter (d0), the 504 

fuel density (ρf) and the ambient density (ρa). A one dimensional model proposed by 505 

Pastor et al. (J. V. Pastor et al., 2015) was used to obtain the K value, which can be 506 

considered independent of fuel composition. Calculations were carried out for 7030 at 507 

MT operating conditions and both injection pressures. Then, an expression like equation 508 

(2) was fitted to the fuel mass fraction distribution at spray axis, from which K was 509 

derived. Iso-octane and hexadecane where used as gasoline and diesel surrogates. 510 

Information regarding mass flow rate and spray geometry used as input of the model 511 

was obtained from (J. Pastor et al., 2017). Finally, the fuel-air equivalence ratio at LOL 512 

was calculated based on the fuel mass fraction at LOL for each fuel and operating 513 

condition. 514 

In Figure 12, a similar relation between gasoline content and soot formation to the one 515 

reported previously can be observed. Focusing on the φLOL, it can be seen that the LIP 516 

configurations chosen force ignition under leaner mixture conditions for 7030 in 517 

comparison to B0, for all operating conditions. However, this was not achieved for 5050, 518 

which at LT and HT shows higher φLOL than diesel. According to the literature, lower fuel-519 

air equivalence ratio at LOL leads to less soot formation (Pickett and Siebers, 2004), 520 

which is coherent with what can be observed when comparing 7030 and B0. However, 521 
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when the reference fuel is compared with 5050, this trend is not visible. Under HT 522 

operating conditions, B0 shows higher KL values despite igniting under “leaner” mixture 523 

conditions at LOL than 5050. At LT operating conditions, soot formation of both fuels is 524 

similar but it must be noted that φLOL is much higher for 5050 than for B0. According to 525 

this, it can be stated that fuel composition is playing a major role in soot formation, 526 

compensating the differences in terms of mixture formation at LOL. Thus, the addition 527 

of gasoline to the blend seems to reduce soot formation. 528 

In Figure 13, results corresponding to 1500bar injection pressure are presented. Similar 529 

conclusions to the ones reported for the previous figure can be also applied here. The 530 

effect of the gasoline fraction is clear, especially when considering the differences in 531 

terms of φLOL between fuels. Major differences are observable when comparing B0 with 532 

the two blends. However, they are not so clear when comparing 5050 and 7030. The 533 

different φLOL obtained for each blend, due to the LIP configuration chosen, softens the 534 

expected trend related with fuel composition.  535 

 536 

Figure 12 Soot average KL maps for B0 and the two blends, at LT (left), MT (center) and HT (right) operating 537 

conditions. Data corresponds to 1000 bar injection pressure. 538 
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 539 

Figure 13 Soot average KL maps for B0 and the two blends, at LT (left), MT (center) and HT (right) operating 540 

conditions. Data corresponds to 1500bar injection pressure. 541 

The soot formation tendency of a fuel has been related in the past with both its physical 542 

and chemical properties. However, the LIP system allowed to minimize the influence of 543 

the first ones. Thus, differences in chemical properties must be playing a major role. In 544 

this regard, the fuel Smoke Point (SP) and other related parameters, like the Threshold 545 

Sooting Index (TSI), have been used in numerous works to characterize the soot 546 

tendency of fuels in relation to their chemical structure. The lower the SP value, the 547 

larger the TSI and the soot tendency. In contrast with the analysis presented in this work, 548 

several studies can be found in literature where results based on SP measurements 549 

suggest that an increase of gasoline in diesel-gasoline blends should cause also an 550 

increase of the soot tendency (Gómez et al., 2020; Liu et al., 2018). However, Gómez et 551 

al. (Gómez et al., 2020) compare these measurements with a new parameter, known as 552 

Oxygen Extended Sooting Index (OESI). It was firstly proposed by Barrientos et al. 553 

(Barrientos et al., 2013) and considers the molar stoichiometric oxygen-fuel ratio of the 554 

fuel instead of its molecular weight (like TSI). For this reason, it is a more appropriate 555 
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sooting index for oxygenated fuels, but it is also suitable for non-oxygenated 556 

compounds. Based on OESI, this author reports a reduction in soot tendency when the 557 

gasoline fraction increases in diesel-gasoline blends, which is coherent with the results 558 

presented in Figure 12 and Figure 13.This suggest that the less oxygen required for the 559 

fuel to oxidize when increasing gasoline content also reduces soot formation, despite 560 

reaching similar or even higher fuel-air equivalence ratio at LOL. 561 

 562 

3.4. LIP ignition system and cleaner energy production 563 

The LIP ignition system has been proved as a powerful tool to assist low-reactivity fuel 564 

ignition when operating conditions are unfavorable. This open a path to a greater 565 

development of alternative fuel applications for a pollutant emission reduction. 566 

Nevertheless, the possibilities of this technology are strongly related to the 567 

development of “clean” fuels.  568 

An improvement in terms of particle matter reduction can be achieved with the ignition 569 

system either by improving combustion characteristics or by its combination with 570 

alternative fuels that promote lower in-cylinder soot formation. However, regarding CO2 571 

emissions reduction, the LIP ignition system contribution is limited by the properties of 572 

the fuel used. In a scenario where carbon-based fuels, with similar molecular structure 573 

(C/H ratio) and lower heat value to fossil fuels, LIP allows to reach a similar combustion 574 

efficiency. Therefore, a minimum CO2 emission reduction could be expected. 575 

In this regard, the lifecycle carbon footprint of alternative fuels plays a major role. The 576 

LIP ignition system allows using more sustainable fuels, which properties where not 577 

suitable to provide efficient and stable ICE operating conditions. One example are 578 
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biofuels (bioalcohols). Different studies can be found in the literature which prove a 579 

reduction in CO2 footprint when these fuels are used for energy production (Yan et al., 580 

2020). However, the source and the process of obtaining the fuel could have a major 581 

impact on the resulting greenhouse gas emissions (Ahmed and Sarkar, 2018)(Medeiros 582 

et al., 2015).  583 

An alternative that is gaining relevance is the e-fuels. They are produce from electricity 584 

and CO2, and are considered a promising sustainable fuel source to replace fossil fuels 585 

(König et al., 2019). However, their lifecycle greenhouse gas emissions are conditioned 586 

by the electricity source used for its production.  587 

 588 

4. Conclusions 589 

In this work, a laser induced plasma ignition system was successfully applied to assist 590 

ignition of low-reactivity fuels, like diesel-gasoline blends, in an optically accessible 591 

compression ignition engine. The main conclusions that can be extracted are: 592 

• When LIP forces an ignition delay of the blends similar to pure diesel, their 593 

combustion is also very similar and so it does the energy released, independently 594 

of the amount of gasoline in the blend.  595 

• Small differences were observed in terms of energy release between diesel and 596 

blends, when ignition is forced by LIP. However, an increase of in-cylinder 597 

temperature reduces them, which suggest that the combustion process could still 598 

be affected by fuel composition. 599 

• An increase of the gasoline content in the blend reduces soot formation, even 600 

when a shorter lift-off length is forced by LIP.  601 
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• Results confirm the capability of the LIP to change not only the ignition delay but 602 

also the flame lift-off length, which is strongly related with soot formation.  603 

• It has been proved that the LIP ignition system allows to reduce particle matter 604 

formation and improve combustion efficiency. However, the fuels used still play a 605 

major role in terms of CO2 emissions. Sustainable fuels, like biofuels or renewable 606 

e-fuels, could provide a global CO2 mitigation if the whole lifecycle is considered. 607 
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Nomenclature 788 

ICE: Internal Combustion Engines 789 

CI: Compression Ignition 790 

SI: Spark ignition 791 
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LTC: Low Temperature Combustion 792 

SACI: Spark Assisted Compression Ignition 793 

LIP: Laser induced plasma 794 

LRF: Low-Reactivity Fuel 795 

TDC: Top Dead Center 796 

CAD: crank angle degree 797 

LT: Low Temperature 798 

MT: Medium Temperature 799 

HT: High Temperature 800 

Tcyl = In-cylinder temperature around top dead center 801 

Pinj = Injection pressure 802 

ID: Ignition Delay 803 

SoE: Start of Energizing 804 

aSoE: After Start of Energizing 805 

aSoI: After Start of Energizing 806 

aHR: Apparent Heat Released 807 

aRoHR: Apparent Rate of Heat Released 808 

𝑚̇𝑓: mass flow rate 809 

𝑚𝑓𝑐𝑐: Total mass of fuel injected per cylinder and cycle  810 

Hc: Lower heating value 811 

φLOL: fuel-air equivalence ratio at Lift-off Length 812 

NL: Natural Luminosity 813 

DBI: Diffused Back Illumination  814 

LOL: Lift-off Length 815 

7030: 70% gasoline – 30% diesel 816 

5050: 50% gasoline – 50% diesel 817 

B0: 100% diesel 818 

KL: Soot optical density 819 

SP: Smoke Point 820 

TSI: Threshold Sooting Index 821 

OESI: Oxygen Extended Sooting Index 822 


