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Abstract  16 

Dual-mode dual-fuel (DMDF) combustion stands over other low temperature 17 

combustion strategies as it is able to operate over the entire engine map by transitioning 18 

between reactivity controlled compression ignition and diffusive combustion depending 19 

on the engine load. In combination with non-sooting e-fuels, it is able to achieve low 20 

NOx and soot levels even at high loads. Oxygenated fuels like poly-oxymethylene 21 

dimethyl ethers (OMEx) have been already proved to present an outstanding NOx-Soot 22 

trade-off improvement when used in combination with a DMDF combustion strategy. 23 

One drawback of OMEx is that, despite having a high reactivity, it has a low lower heating 24 

value, which requires considerably longer injection events compared to other traditional 25 

fuels in order to achieve the same engine power output. The long injections limit the 26 

flexibility of the injection strategy and result in extremely long combustion durations. A 27 

possible solution to this problem resides in moving towards injectors with higher flow 28 

rate capacities, but this may compromise the mixing and combustion processes. This 29 

work aims to shed some light on the implications of changing the engine hardware to 30 

overcome this limitation by testing a DMDF multi-cylinder engine using gasoline as the 31 



low-reactivity fuel and diesel or OMEx as the high reactivity fuels with injectors of 32 

different flow capacity. The results show that a concise analysis of the involved 33 

phenomenology of the combustion process allows to find out the trade-off between the 34 

engine-out emissions and the mixing capacity of the injection system while the engine 35 

performance is not significantly affected.  36 
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1. Introduction 40 

The current scenario for transport vehicles presents a wide variety of options for the 41 

main power source of the engines of the future. The decision for the manufacturers is 42 

very complex and they have to consider conditionings like the geographic zone, the 43 

vehicle platform or the target market [1]. Despite the increasing feasibility of electric 44 

vehicles, internal combustion engines (ICE) continue to be the main power source for 45 

the transport sector in the near future [2]. To ensure a more responsible and 46 

development of the fuels and powertrains of the future, some guidelines have already 47 

been decided [3]. The general purpose of these norms is to ensure that the future 48 

engines will be more efficient and clean while the fuels will tend to be more related to 49 

renewable sources and will present better combustion performance [4][5]. On the road 50 

map towards these long-term objectives, some more specific targets are implanted by 51 

the emissions regulations in the short term. Specifically, the projected normative for 52 

2025 aims to reduce the CO2 emissions for heavy-duty vehicles by 15%, which are mainly 53 

used for road transportation and represent a considerable percentage of the total CO2 54 

emissions despite the reduced number of vehicles [6][7]. In order to fulfil these 55 

requirements in the near-future, ICEs are expected to suffer an improvement in their 56 



efficiency in order to maintain their actual power levels but consuming less fuel, and 57 

therefore emitting less contaminants [8].      58 

Several developments were achieved during the last years in the powertrain field.  An 59 

interesting example is the addition of electric devices to the vehicles, which provides a 60 

new degree of freedom in the powertrain design, allowing to recuperate energy from 61 

braking and from the exhaust gases [9], making this energy available during the vehicle 62 

operation to start-stop actions and to heat-up the aftertreatment devices to shorten the 63 

light-off period [10]. Despite of this, the ICE is still the kernel of the powertrain where 64 

most of the optimization effort is dedicated [11]. Some successful developments where 65 

presented along the years like direct injection engines fueled with gasoline [12], better 66 

downsizing strategies, injection systems with higher flow capacity for diesel engines, 67 

improvements in the after-treatment systems, further knowledge on the sources of 68 

energy losses in the combustion process and development of materials that allow to 69 

increase the stress tolerances [13][14]. Despite all these advances, it results to be very 70 

challenging to improve the efficiency of the diesel engine without having a trade-off with 71 

engine-out emissions [15]. New combustion concepts are being investigated to 72 

overcome this limitation, among which the low temperature combustion (LTC) results 73 

to be one of the most promising concepts. The most popular LTC concept is the 74 

homogeneous charge compression ignition (HCCI) that is primarily based on a very lean 75 

premixed combustion that allows a great potential to emit very low NOx and soot 76 

production with high efficiencies [16]. The main drawback of the highly premixed 77 

combustion is that it is restricted to a narrow operating region of the map due to 78 

limitations of mechanical stresses if the load is high [17] and misfire or incomplete 79 



combustion with high production of CO and unburned hydrocarbons (HC) if the load is 80 

too low [18].      81 

An equally promising LTC concept so called reactivity controlled compression ignition 82 

(RCCI) was developed considering more detailed knowledge on the reaction kinetics of 83 

fuels during combustion [19][20]. By using two fuels of different reactivity and producing 84 

a stratified charge in the cylinder, an in-cylinder reactivity stratification is forced as a 85 

consequence of the stratification of the fuel equivalence ratio and octane number 86 

[21][22]. This allows to widen the operational range of the HCCI while having low 87 

emissions levels, but it still is limited to medium load conditions [23][24]. An expansion 88 

of the RCCI concept was developed by Benajes et al. [25] which was called dual-mode 89 

dual-fuel (DMDF) combustion. This concept moves from partially premixed RCCI 90 

combustion at low loads to highly premixed RCCI combustion at medium loads and 91 

finally to a diffusive dual-fuel combustion at higher loads. This strategy allows to expand 92 

the dual-fuel combustion to cover the whole engine map keeping operability at high EGR 93 

(exhaust recirculated gases) rates that allow low NOx production, but with the drawback 94 

of being prone to soot production at higher loads due to the more diffusive combustion. 95 

This issue can be overcome by means of a hardware modification and/or a fuel 96 

modification. In this study, both alternatives will be explored. 97 

Recent developments in the use and formation of alternative and synthetic fuels have 98 

found some potential fuels able to contribute to global CO2 reduction during their life 99 

cycle while having good combustion performance. Thanks to the synthetic formulation 100 

of the compound, it is possible to obtain unadulterated fuels with no content of Sulphur 101 

or poly aromatic hydrocarbons that promote the formation of certain contaminants like 102 



Sulphur oxides and soot, respectively [26]. Among these synthetic compounds, also 103 

known as electrolytic fuels or e-fuels, several options are being evaluated currently with 104 

good improvements with respect to the traditional fuel compositions. The majority of 105 

them are fuels focused on soot and NOx reduction with a low-carbon composition and 106 

an oxygenated or hydrogenated formulation to enhance the oxidation of soot and low 107 

lower heating values (LHV) to have a LTC that contributes to reduce the NOx formation 108 

[27]. 109 

Some of the most promising e-fuels are the hydrogenated vegetable oil (HVO), dimethyl 110 

ether (DME) or poly-oxymethylene dimethyl ethers (POMDME or OMEx) [28][29]. This 111 

last e-fuel is specially capable of soot and NOx reduction as reported in the existent 112 

investigations [30] with a formulation of high oxygen and low carbon composition, and 113 

it is possible to synthesize it using CO2 capture from the atmosphere and some 114 

conversion steps [31][32].     115 

Investigations addressing the use of these fuels in advanced combustion concepts like 116 

DMDF are still scarce, but clear consequences of the effect of the lower LHV have been 117 

reported in the existing literature [35][36]. Some applications of these chemicals involve 118 

using them as additives to other more energetic fuels like diesel to avoid high volumetric 119 

fuel consumption [33]. To fully exploit the advantages of these e-fuels they have to be 120 

used as a pure fuel instead of an additive, but then the high volumetric fuel consumption 121 

presents certain limitations on the operation of the engine mainly related to the long 122 

injection time needed to introduce sufficient energy content to achieve power 123 

requirements [37]. From the point of view of combustion control, the need of long 124 

injections when using pure e-fuels difficult the combustion phasing tuning and can affect 125 



the emissions formation. When injection is too long and combustion ends too late, the 126 

exhaust temperature can be excessively high for the turbine operational limits. 127 

Additionally, the energy utilization during the expansion stroke can be detrimental and 128 

diminish the output power or enhance HC and CO formation from the low temperature 129 

combustion at the end of the expansion stroke [38]. This could be overcome with earlier 130 

injections that promote a more premixed combustion mode, but the high reactivity of 131 

e-fuels like OMEx produce strong heat releases with high in-cylidner pressures that can 132 

damage the engine integrity due to large pressure gradients.    133 

The aim of this work is to explore the possibility of using injectors with higher flow 134 

capacity in order to reduce the injection time in a DMDF engine to overcome the 135 

previously exposed limitations. For this investigation, the low reactivity fuel (LRF) will 136 

always be gasoline and the high reactivity fuel (HRF) will be pure OMEx or pure diesel in 137 

order to compare two different HRF compositions with different levels of LHV. Both will 138 

be tested with two different set of injectors which have different flow rate capacities. 139 

This concept come with uncertainties on the final behaviour of the combustion process 140 

as with a higher flow rate, higher concentrations of fuel will be formed, and the mixing 141 

capacity of the spray can be compromised depending on the fuel properties. 142 

2. Materials and methods 143 

2.1. Engine characteristics 144 

The experimental evaluation of the different hardware and fuels has been carried out 145 

using an 8L engine with 6 cylinders. The engine has been modified to permit the DMDF 146 

operation: compression ratio has been reduced from the original 17.5:1 to 12.75:1 to 147 

reduce mechanical stresses at high load conditions, the piston geometry has been 148 

optimized in previous studies for the current combustion mode [22], and auxiliary 149 



systems have been added, like the addition injection system or the low-pressure EGR 150 

circuit for greater flexibility on the control of the combustion process and engine-out 151 

emissions. The main features of the engine are summarized in Table 1.   152 

Table 1. Engine characteristics. 153 

Engine Type 4 stroke, 4 valves, direct injection 

Number of cylinders [-] 6 

Displaced volume [cm3] 7700  

Stroke [mm] 135 

Bore [mm] 110 

Piston bowl geometry [-] Bathtub 

Compression ratio [-] 12.75:1 

Rated power [kW] 235 @ 2100 rpm 

Rated torque [Nm] 1200 @ 1050-1600 rpm 

 154 

2.2. Test cell description 155 

In order to control and register the operation of the engine, a set of additional systems 156 

are included in the test facility and connected to the engine according to the diagram 157 

presented in Figure 1. For the engine control, an in-house interface developed in 158 

LabView interacts with all the hardware through a NI PXIe 1071 board and is responsible 159 

for the control of the engine load through both injection systems (the por-fuel injection 160 

(PFI) and direct injection (DI)), EGR valves, back pressure valve and VGT positioning. For 161 

the referencing of the injection timing and its duration, the crank shaft angular position 162 

is registered through and encoder. Separately, the engine speed is dictated by an active 163 

dynamometer from AVL that is controlled through the manufacturer user interface ALV 164 

PUMA open.   165 

The same LabView platform is connected to all the measuring devices that include: 166 

several temperature and pressure sensors located at relevant locations of the flow 167 

circuits (including intake and exhaust manifolds), the six in-cylinder pressure signals with 168 



a resolution of 0.2 crank angle degree (CAD), two balances to obtain fuel consumption 169 

of the HRF and LRF, and air flow meter at the intake, a five-gas Horiba MEXA-7100 DEGR 170 

analyser [39] and an AVL smoke meter for emissions measurement [40]. The models and 171 

accuracy of the main measuring devices is included in Table 2. 172 

Both the LabView interface and the AVL PUMA open offer online readings of all the 173 

variables. Additionally, a real time processing routing is implemented in LabView that 174 

allows for instantaneous visualization of thermodynamic variables like the apparent 175 

heat release. The recording of the signals is divided into instantaneous variables and 176 

average variables, that the PXI and AVL PUMA perform respectively. Finally, the data 177 

collected from each test is post-processed with the software developed at CMT, called 178 

CALMEC, that allows for a more specific analysis of the in-cylinder thermodynamic 179 

evolution [41]. 180 

 181 

Figure 1. Experimental facility scheme. 182 

 183 

 184 

 185 



Table 2. Accuracy of the instrumentation used in this work. 186 

Variable measured Device Manufacturer / model Accuracy 

In-cylinder pressure 
Piezoelectric 
transducer 

Kistler / 6125C ±1.25 bar 

Intake/exhaust pressure 
Piezoresistive 
transducers 

Kistler / 4045A ±25 mbar 

Temperature in settling 
chambers and manifolds 

Thermocouple TC direct / type K ±2.5 °C 

Crank angle, engine speed Encoder AVL / 364 ±0.02 CAD 

NOx, CO, HC, O2, CO2 Gas analyzer HORIBA / MEXA 7100 DEGR 4% 

FSN Smoke meter AVL / 415 ±0.025 FSN 

Gasoline/diesel fuel mass flow Fuel balances AVL / 733S ±0.2% 

Air mass flow Air flow meter Elster / RVG G100 ±0.1% 

 187 

2.3. Fuels and injection systems characteristics 188 

As already mentioned, several fuels are used in this investigation. For the LRF, 189 

commercial gasoline is used in every case. As the HRF, two different fuels are used: 190 

commercial diesel and an OME mixture 3-5 (OME3 and OME5 are the main components 191 

of the mixture), referred in this document as OMEx. The main physicochemical 192 

properties of these fuels have been certified by the supplier and are summarized in 193 

Table 3.  194 

Table 3. Physical and chemical properties of gasoline and the different high reactivity fuels evaluated. 195 

 EN 228 gasoline EN 590 diesel OMEx 

Density [kg/m3] (T= 15 °C)   720 842 1067 

Viscosity [mm2/s] (T= 40 °C)   0.545 2.929 1.18 

Cetane number [-] - 55.7 72.9 

Carbon content [% m/m] - 86.2 43.6 

Hydrogen content [% m/m] - 13.8 8.82 

Oxygen content [% m/m] - 0 47.1 

RON [-] 95.6 - - 

MON [-] 85.7 - - 

Lower heating value [MJ/kg] 42.4 42.44 19.04 

Vapor pressure [hPa] (T=40 °C) 450-650 <10 32 

 196 

In this dual-fuel engine, the LRF is injected in the intake port with six port-fuel injectors 197 

(PFI) located at the intake manifold forming an initial almost-homogeneous charge, and 198 

the HRF is injected during the compression stroke with a direct injection (DI). The 199 



stratification of the charge is controlled with the amount of HRF injected and the SOI at 200 

which the injection is performed. In this work, two different sets of injectors are 201 

evaluated for the direct injection of the HRF, each of them with different nominal flow 202 

rate. The injector with the higher flow capacity will be referred as the high-flow injector 203 

(HFI) and the one with the lower nominal flow rate will be referred as the low-flow 204 

injector (LFI). The different characteristics of the injectors used in the experiments can 205 

be consulted in Table 4. An additional variable of the injection system is the rail pressure. 206 

With increasing load, the amount of fuel injected through the DI increases, and in order 207 

to maintain the injection times under reasonable values, the rail pressure has to be 208 

increased. In these tests, the injection pressure ranges from 600 to 2000 bar, and it is 209 

always kept at the minimum value possible to reduce the power losses from auxiliary 210 

devices like the high-pressure pump.  211 

Table 4. Characteristics of the direct and port fuel injectors. 212 

Direct injector Port fuel injector  
HFI LFI   

Actuation Type [-] Solenoid Solenoid Injector Style [-] Saturated 

Steady flow rate @ 100 bar [cm3/min] 2200 1300 Steady flow rate @ 3 bar [cm3/min] 980 

Included spray angle [°] 140 150 Included Spray Angle [°] 30 

Number of holes [-] 6 7 Injection Strategy [-] single 

Hole diameter [µm] 244 177 Start of Injection [CAD ATDC] 340 

Maximum injection pressure [bar] 2500 2500 Maximum injection pressure [bar] 5.5 

 213 

2.4. Testing methodology 214 

Eight engine operating conditions were chosen as the most representative conditions of 215 

a real driving cycle and are meant to be adequate to evaluate the impact of the different 216 

injector typologies used for the DI. For the HRF, diesel will be tested to establish the 217 

reference performance for each injector and OMEx will be then evaluated as the low-218 

LHV e-fuel.  219 



The eight conditions tested are represented in Figure 2. As it can be seen, they cover 220 

different zones of the engine calibration map: conditions 1 to 4 are representative of 221 

partially premixed combustion (10% and 25% of engine load), condition 5 is a highly 222 

premixed combustion (50% of engine load) and conditions 6 to 8 represent a 223 

predominant diffusive combustion (80% to 100% engine load). By having operating 224 

points covering critical regions of the map, different effects like soot production at high 225 

loads and strong premixed combustions at lower loads can be evaluated, producing and 226 

overall analysis of the engine performance, making more evident the effect of the 227 

injector typology with each fuel.  228 

The settings used for each case are based on the original calibration of the diesel-229 

gasoline DMDF [34] and have been adapted to ensure comparable and operable 230 

conditions for each point and the different fuels and hardware. All the presented results 231 

are average values of a population of measurements with a coefficient of variation (COV) 232 

of the indicated mean effective pressure (IMEP) lower than 5% to ensure a stable 233 

operation and measurement that is representative of the operating condition. Each 234 

measurement of composed by roughly 100 consecutive cycles that are post-processed 235 

independently and then averaged using CALMEC. 236 

 237 

Figure 2. Evaluated operating conditions and the injection strategy at each zone of the map. 238 



2.5. Spray model 239 

The change injector characteristics and fuel properties affect the spray morphology and 240 

the fuel distribution inside the cylinder.  For a more fundamental analysis of the changes 241 

in autoignition delay, the changes in the spray are evaluated using a one-dimensional 242 

spray model developed at CMT Motores Térmicos called DICOM [44]. This in-house 243 

model is designed to evaluate the spray temporal evolution under transient 244 

thermodynamic conditions to be able to evaluate in-cylinder fuel injections [45]. 245 

The fuel spray is assumed to develop as a fully developed turbulent flow with no 246 

additional directional flow nor obstacle in an infinite volume of air and EGR (composed 247 

of CO2 and H2O). This implies that no swirl effect or wall impingement can be considered, 248 

and the spray profile will be symmetric. The conservation equations for mass, species 249 

and momentum are solved for the central line using the discretization strategy depicted 250 

in Figure 3. Once that the velocity and thermodynamic properties are solved for the 251 

central line, it is possible to extend the hypothesis of the fully turbulent flow to apply 252 

self-similar radial profiles scaled with the diffusive properties of the fuel as expressed in 253 

Equation (1), where 𝑢 is the axial velocity and 𝑓 is the equivalence ratio. In this case a 254 

Gaussian profile is assumed. With this it is possible to obtain the mass fraction of fuel 255 

under discrete levels of equivalence ratio as will be shown in the results. 256 

𝑢(𝑥, 𝑟)

𝑢𝑐𝑙(𝑥)
= (

𝑓(𝑥, 𝑟)

𝑓𝑐𝑙(𝑥)
)

1/𝑆𝑐

= 𝑒−𝑘(
𝑟
𝑥)

2

 (1) 

 257 



 258 

Figure 3. Spray model sketch. 259 

The boundary conditions for the spray model that are needed as inputs are the ones 260 

characteristic to each operation, namely: the fuel composition (that allows for fuel 261 

mixtures), the thermodynamic conditions of the ambient gas that in this case will be 262 

pressure 𝑃(bar) and density 𝜌(kg/m3) of the in-cylinder trapped mass, and the fuel mass 263 

flow rate 𝑚̇𝑓𝑢𝑒𝑙(kg/s) that is used to compute the velocity 𝑢0(m/s) and momentum 264 

𝐼0(kg·m/s) at the fuel input. The additional parameter related to the radial profile is the 265 

spray cone angle 𝜃(deg), with which the parameter 𝑘 from Equation (1) is defined. To 266 

define this parameter, it is possible to use additional semi-empirical correlations or 267 

impose a value. In this case the value of 22.5 (deg) was used as a representative value 268 

of diesel sprays [45]. 269 

2.6. Vehicle model 270 

The final evaluation of the performance of each injector is carried out using the software 271 

GT-Power from Gamma Technologies® [48]. This software permits the modular design 272 

of a complete vehicle under imposed driving conditions based on zero-dimensional and 273 

one-dimensional models. The engine model uses the experimental results as an input to 274 

determine the engine effective power and total emissions of the complete driving 275 

simulation, and as it can be appreciated in Figure 4, a vehicle with specifications in 276 

accordance with the engine application was implemented considering factors like rolling 277 



friction of components, road friction, aerodynamic resistance of the vehicle and the 278 

inertia of components like the axles or the transmission for the model to predict the 279 

instantaneous engine operating point [54]. 280 

 281 

Figure 4. Main components of the vehicle simulation in GT-Power. 282 

In compliance with the actual normative for homologation of transport heavy duty 283 

vehicles, as a general and representative case the World Harmonized Vehicle Cycle 284 

(WHVC) [49] is defined as the vehicle routine in the simulation with a payload of 50% of 285 

the maximum capacity of the vehicle [46]. In Table 5 are summarized the most relevant 286 

parameters used for the simulation, where the vehicle data is representative of a Volvo 287 

FE 350 truck with a gearbox of 12 gears and a shifting strategy designed to obtain the 288 

best performance of the engine [55].  289 

Table 5. Main parameters of the vehicle model. 290 

Engine displacement volume [cm3] 7700 

Engine control Map based on experimental results [34] 

Vehicle mass [kg] 7035 

Cargo mass [kg] 8982.5  

Frontal area [m2] 6.89 

Tires size [mm/%/inch] 295/80/22.5 

Number of axles 3 

Number of wheels 10 

Vehicle wheelbase [m] 5 

Final Drive Ratio [-] 3.08 

Gear ratio (from 1st to 6th gear) [-] 14.94, 11.73, 9.04, 7.09, 5.54, 4.35  

Gear ratio (from 7th to 12th gear) [-] 3.44, 2.7, 2.08, 1.63, 1.27, 1 



3. Results and discussion 291 

The implications of applying the different combinations of fuels and injector typologies 292 

proposed in this work are analysed by distinguishing three major aspects. First, the 293 

modifications on the injection settings and strategies necessary to maintain comparable 294 

and safe operating conditions on the engine. Then, the effect on the combustion process 295 

is presented based on the results obtained from the analysis of the heat release curves. 296 

Finally, the impact on emissions and fuel consumption is presented. 297 

3.1. Injection Strategy 298 

The injection strategy used for this work is based on the calibration presented in 299 

previous works on the DMDF concept [34]. This injection strategy is designed for using 300 

gasoline as LRF and diesel as HRF. At medium-low load conditions, early injections of the 301 

HRF ensure a premixed combustion, while the injection strategy moves near the TDC to 302 

promote a more diffusive combustion as the load is increased. In most part of the 303 

calibration map, a two-injection strategy is used to control the mixture stratification. By 304 

contrast, a single injection strategy is used at full load conditions, resulting in a more 305 

diffusive combustion [25]. 306 

When OMEx is used as the HRF, the injection strategy has to be modified due to changes 307 

in the LHV and reactivity of the fuel as compared to diesel. In general, longer injections 308 

are needed to introduce the same energy content in the cylinder, but changes in 309 

reactivity and duration of the injection alter the phasing of the combustion process. In 310 

order to keep the combustion process under comparable conditions, some 311 

modifications have to be done to the injection strategy. At low load conditions, where a 312 

more premixed combustion is desired, the pilot injection is kept the same, but the main 313 

injection has to be delayed as a consequence of the higher reactivity of OMEx. Even if 314 



higher amount of fuel is injected, it burns faster, and it is necessary to delay the main 315 

injection to still have an adequate phasing of the combustion. At medium load 316 

conditions, a highly premixed combustion strategy is promoted. Under these conditions, 317 

it is important to control the stratification degree through the pilot injection. 318 

Considering that the higher cetane number of OMEx makes it more prone to auto ignite, 319 

a fast premixed combustion with excessive pressure gradients can occur if the pilot fuel 320 

injection is done too early in the compression stroke. The immediate solution to avoid 321 

this issue is to reduce the premix degree of the fuel mixture by delaying the pilot 322 

injection. At high load conditions, a single injection strategy is set to obtain a more 323 

diffusive combustion. At these conditions, the reactivity of the mixture is of lesser 324 

importance and the combustion rate is dominated by the mixing process, so the same 325 

injection settings can be used independently of the fuel.  For simplicity of the injection 326 

strategy, when a double-injection strategy is used, the energizing time or time of 327 

injection (TOI) is kept the same for both the pilot and the main injection. 328 

The resultant injection settings are summarized in Table 6. As it can be checked, the 329 

modifications needed when using OMEx as HRF are small enough to still have 330 

comparable settings. These slight modifications were initially tested to ensure adequate 331 

operation when using the injector with the lower mass flow capacity. In this way, the 332 

settings can be kept the same when changing the injector, as the injector with the 333 

highest mass flow capacity will not present problems of insufficient dwell time. The 334 

energizing time reduction required when changing from the LFI to the HFI is also 335 

included in Table 6. It can be seen that the TOI reduction needed to ensure that the 336 

same amount of fuel is being injected is not proportional to the flow rate capacity of the 337 

injector. This is dependent on the injection profile of each injector.  338 



Table 6. Injection settings for the different fuels and hardware. 339 

Operating 
Point 

Diesel-Gasoline OMEx-Gasoline  

 SOI (Pilot – Main) TOI (LFI – HFI) SOI (Pilot – Main) TOI (LFI – HFI) P rail 
 [CAD bTDC] [s] [CAD bTDC] [s] [bar] 

1 19 – 4 646 – 641 15 – 5 954 – 949 600 

2 22 – 6 642 – 639 22 – 11 1123 – 1112 600 

3 29 – 19 651 – 647 29 – 15 966 – 958 600 

4 32 – 22 692 – 680 32 – 18 990 – 883 800 

5 60 – 50 579 – 545 64 – 50 805 – 803 800 

6 / – 8 889 – 840 / – 8 1514 – 1311 2000 

7 / – 7 1322 – 1149 / – 7 2539 – 2082 2000 

8 / – 12 1095 – 1005 / – 12 1929 – 1581 2000 

 340 

The port fuel injection was tuned for each case with the objective of achieving the target 341 

load (torque). Due to the differences in the mixing capabilities of the different high-342 

reactivity fuels and DI injectors, the port fuel injection must be tuned for each case to 343 

compensate the change in the DI performance , thus changing substantially the gasoline 344 

mass fraction (GF) and premixed energy ratio (PER) between the different cases. 345 

𝐺𝐹 =
𝑚𝐿𝑅𝐹

𝑚𝐿𝑅𝐹 +𝑚𝐻𝑅𝐹
 (2) 𝑃𝐸𝑅 =

𝑚𝐿𝑅𝐹 · 𝐿𝐻𝑉𝐿𝑅𝐹
𝑚𝐿𝑅𝐹 · 𝐿𝐻𝑉𝐿𝑅𝐹 +𝑚𝐻𝑅𝐹 · 𝐿𝐻𝑉𝐻𝑅𝐹

 (3) 

 346 

The changes in PER for the different fuels and tested points are represented in Figure 5. 347 

For the Diesel-Gasoline no significant impact on the engine performance was observed. 348 

A slight increase in PER was necessary at higher loads, but no significant difference was 349 

observed when changing the hardware. Contrary to this, the change of injector had a 350 

major impact on injection performance when using the HRF with OMEx. For the 351 

operating points with the large injections, a substantial decrease in performance 352 

appeared and a higher amount of gasoline was necessary to be injected to achieve the 353 

load targets. This change in the amounts of fuel will have an impact on fuel consumption 354 

and engine performance as will be discussed in the following sections. 355 



 
(a) 

 
(b) 

Figure 5. (a) PER values for each operating condition with Diesel-Gasoline and (b) with OMEx-Gasoline. 356 

  357 

3.2. Spray and Combustion performance 358 

The aforementioned changes in injection settings affect directly to both the reactivity 359 

and homogeneity of the fuel mixture. Changes in PER when using the HFI (especially for 360 

OMEx-Gasoline) imply a change in the properties of the fuel mixture like cetane number 361 

or fuel equivalence ratio, therefore the ignition delay and the burning rate are affected. 362 

For the studied cases, the changes in PER when comparing results from LFI and HFI can 363 

be assumed to be negligible. Even for operating points 4 and 7 of the OMEx calibration, 364 

the difference in PER is small enough to consider the effect of the fuel composition as a 365 

second order effect. The use of the HFI also implies that the mixing capabilities of the 366 

spray are different. The mixing rate of the spray will dictate the stratification level of the 367 

in-cylinder mixture, and this will also affect the ignition delay and burning rate 368 

depending on the operating point.  369 

From Figure 6, a general trend can be observed in the CA10. When comparing the results 370 

from the LFI and HFI, the differences in CA10 can be interpreted as differences in the 371 

effective ignition delay. For the operating points studied, all cases show that the HFI 372 

produces a more delayed start of combustion.  373 



 
(a) 

 
(b) 

Figure 6. (a) CA10 values for each operating condition with Diesel-Gasoline and (b) with OMEx-Gasoline. 374 

Starting with the Diesel cases, there is a clear distinction between the premixed and 375 

diffusive operating points. When the combustion mode is premixed, there is almost no 376 

difference between the results of the HFI and LFI (points 2 and 3, for example). This 377 

means that both injectors have been able to produce similar levels of stratification 378 

before the start of combustion. For the more diffusive operating conditions (points 6, 7 379 

and 8, for example), the ignition occurs before the end of the injection. This means that 380 

a purely diffusive flame takes place and the ignition delay and burning rate are defined 381 

by the mixing rate. The HFI will produce higher fuel concentration levels and will take 382 

more time to achieve an air-fuel ratio inside the flammability limits. 383 

The same explanation applies to the cases with OMEx, but an additional effect must be 384 

considered due to the change in composition of the fuel being injected. The change in 385 

the fuel composition can affect the ignition delay differently depending on the 386 

combustion regime. If the in-cylinder charge is completely homogeneous before the 387 

start of combustion, the only difference is due to the chemical composition, which can 388 

be compared through the cetane number. Comparing Figure 6a and Figure 6b, it can be 389 

observed that OMEx produces shorter ignition delays at points where the premixing 390 

level is high, mainly due to this reason. For diffusive flames, two effects can be 391 



considered to understand the difference in the ignition delay: evaporation and mixing. 392 

The evaporation and mixing rates are scaled according to certain physical properties of 393 

the fuel, but the time required for the process is proportional to the amount of fuel 394 

mass, that has been scaled with the LHV to maintain the energy input when changing 395 

fuels. According to this, a very simple comparison can be done based on proportionality. 396 

These proportionalities of the evaporation and mixing rates can be obtained either form 397 

thermofluid-dynamic theories or from various simplified models for inert sprays 398 

available in the literature [42]. 399 

𝑡𝑒𝑣𝑎𝑝 ∝ 𝑚𝑓,
1

𝑃𝑣𝑎𝑝
→

𝑡𝑒𝑣𝑎𝑝,𝐷
𝑡𝑒𝑣𝑎𝑝,𝑂𝑀𝐸𝑥

≈

𝑚𝐷
𝑃𝑣𝑎𝑝,𝐷
𝑚𝑂𝑀𝐸𝑥

𝑃𝑣𝑎𝑝,𝑂𝑀𝐸𝑥

≈

𝐿𝐻𝑉𝐷
𝑃𝑣𝑎𝑝,𝐷

𝐿𝐻𝑉𝑂𝑀𝐸𝑥

𝑃𝑣𝑎𝑝,𝑂𝑀𝐸𝑥

≈ 1 (4) 
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𝜌𝐷
𝜇𝐷

𝜌𝑂𝑀𝐸𝑥
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·
𝑚𝐷

𝑚𝑂𝑀𝐸𝑥
≈

𝜌𝐷
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𝜌𝑂𝑀𝐸𝑥

𝜇𝑂𝑀𝐸𝑥

·
𝐿𝐻𝑉𝐷

𝐿𝐻𝑉𝑂𝑀𝐸𝑥
≈ 0.1 (5) 

 400 

From Equation (4), it can be concluded that the evaporation process does not include 401 

any remarkable difference between diesel and OMEx. In this sense, even though OMEx 402 

evaporates at a faster rate, the fact that a higher amount of fuel mass has to be 403 

evaporated means that similar evaporation times will be achieved with both fuels. On 404 

the other hand, Equation (5) shows that the mixing process presents a more significant 405 

difference. Particularly, OMEx will take longer time to mix and will result in a longer 406 

ignition delay. This simplified comparison is consistent with the results obtained from 407 

experiments, and even if it does not include effects like turbulence or complex flows 408 

inside the cylinder, it is enough to justify the differences appreciated between both fuels 409 

without resorting to complex and time-consuming CFD simulations.   410 



From this brief analysis, a derived conclusion can be extracted for the results with OMEx. 411 

A significant difference in the ignition delay can be observed between the LFI and the 412 

HFI in the operating points where a premixed combustion is promoted (points 1 to 3). 413 

The expected result for these points was that no significant difference would be 414 

appreciated (as happens with diesel), but that is not the case. This can be interpreted as 415 

a limitation of the mixing capabilities of the injector due to a combination of longer 416 

injections and lower mixing capabilities of the fuel. The HFI produces higher 417 

concentrations of fuel, and they will take longer to mix and achieve conditions inside the 418 

flammability limits of the fuel.  419 

In order to support this statement, a set of one-dimensional simulations were carried 420 

out to have a better understanding of the morphology of the spray with the different 421 

injector geometries and the different fuels. For these simulations the in-house software 422 

DICOM was used, as it allows to have into account the thermodynamic evolution inside 423 

the cylinder, as well as the differences in the injection rate [44][45]. For the four sets of 424 

results, the same operating condition was used to evaluate the spray evolution. 425 

Operating point 7 was selected as it is where longer injections and later ignition occur.  426 

The in-cylinder thermodynamic evolution before combustion is almost identical for the 427 

four cases, so an average pressure and temperature was used to perform the evaluation 428 

under the same conditions. The results from the simulations are most reliable before 429 

combustion, but this is not a big limitation as ignition (CA10) occurs in a relatively narrow 430 

gap in CAD for the four cases.  Figure 7 represents the injection profiles as well as the in-431 

cylinder pressure and temperature used for the simulations. It can be appreciated the 432 

difference in the maximum flow capacity of the two injectors, as well as the effect in the 433 

fuel density. Also, the injection duration reduction can be appreciated to be 434 



considerable when using the HFI. In Figure 7 it is designed with a light grey color the 435 

region up to which the comparison between the different spray morphologies is valid, 436 

and with a darker grey the region where combustion is taking place and the simulations 437 

are not reliable nor comparable. Notice that ignition occurs before any of the injections 438 

has finalised and makes more obvious the predominance of the diffusive combustion at 439 

higher loads.  440 

 441 

Figure 7. Injection profile and thermodynamic evolution used to simulate the spray transient evolution 442 

To evaluate the injection and mixing capacity of each injector it is possible to evaluate 443 

the spray tip penetration. In Figure 8 the results for the four cases, represented in solid 444 

color until reaching their correspondent CA10, the limit of this comparison. The results 445 

show a clear tendency in which the HFI has a higher flow velocity at the orifice and is 446 

able to have a higher penetration capacity. This is associated with a lower capacity to 447 

diffuse fuel in air, and the momentum is being dissipated slower. Also, OMEx presents a 448 

slightly better mixing capacity than diesel as a consequence of the balance between 449 

density, viscosity and mass flow rate [42].  450 



 451 

Figure 8. Spray tip penetration during injection before combustion 452 

To evaluate the effect of this difference in mixing capacity, in Figure 9 the stratification 453 

of the spray is represented trough the mass fraction of fuel at different equivalence 454 

ratio. Figure 9a corresponds to the instant where autoignition occurs for the LFI with 455 

diesel, and Figure 9b corresponds to the instant when OMEx ignites with the LFI. These 456 

two instants show the same tendency for both fuels: the LFI produces higher 457 

concentrations at lean equivalence ratios and lower concentrations at rich equivalence 458 

ratios that the HFI for the same instant of injection. This means that while the LFI 459 

produces a more diluted mixture able to ignite, the HFI produces higher concentrations 460 

of fuel that need more time to mix and reach a condition where autoignition can occur. 461 

Between the two fuels there is an important difference to consider before attempting 462 

to compare both representations (despite representing to different instants), and it is 463 

the difference in stoichiometric air-to-fuel ratio (AFst). While diesel has an AFst of 464 

approximately 15, OMEx has a much lower AFst of 7.8, meaning that with lower 465 

entrained air can reach leaner conditions.  This explains the significant difference in mass 466 

fractions and average equivalence ratio between the two fuels. Additionally, the effect 467 

of the LFR that stratifies the AFst of the mixture inside the cylinder has not been 468 



considered in this representation with the intention of evaluating the spray properties 469 

of the different hardware. If this effect is considered, the results with OMEx would move 470 

towards richer conditions.  471 

 
(a) 

 
(b) 

Figure 9. (a) Fuel stratification inside the Diesel spray and (b) the OMEx spray. 472 

The next parameter to consider for combustion performance is the CA50, related to the 473 

combustion phasing. The results for this parameter are shown in Figure 10. The results 474 

observed for combustion phasing show a clear change of tendency when moving to a 475 

more diffusive combustion (points 6 to 8). A slight delay of the CA50 is observed for the 476 

HFI due to the delayed ignition. In the case of OMEx, the difference is even lower due to 477 

the higher reactivity of the fuel that accelerates the burning rate compared to diesel. 478 

For the more premixed cases, the burning rate is a process more influenced by chemical 479 

kinetics, not only by mixing, and this kinetic rate is affected by the turbulence levels and 480 

local stratification. These complex effects are responsible for the greater variation of the 481 

CA50, but there is a consistent tendency to have a delayed combustion phasing when 482 

using the HFI as a derived consequence of having a delayed ignition. 483 

Despite the changes in combustion phasing, no significant impact was observed in 484 

engine performance (power output) or specific fuel consumption except for the slight 485 



increase in the PER required for operating points 4 and 7 when using OMEx. This topic 486 

will be further addressed in the following section.  487 

 
(a) 

 
(b) 

Figure 10. (a) CA50 values for each operating condition with Diesel-Gasoline and (b) with OMEx-Gasoline.  488 

The same reasoning used to explain the results and differences in combustion phasing 489 

(CA50) can be extended to the combustion duration (CA90-CA10), but in this case the 490 

reactivity of the fuel mixture takes a greater relevance. As seen in Figure 11, for both 491 

fuels, there is an increase of combustion duration when using the HFI compared to the 492 

LFI in the operating points with a more premixed combustion. As explained before, this 493 

is because of the prevalence of kinetic rates combined with three-dimensional effects 494 

like turbulence and fuel stratification. When going to a more diffusive combustion, a 495 

difference in tendencies appears between the two fuel combinations. This difference is 496 

consequence of the balance of two main effects: reactivity and mixing rate. As the HRF 497 

mixes with the LRF and the air inside the cylinder, the reactivity of the mixture increases, 498 

and the fuel is burnt faster. When using the HFI, the ignition delay cannot be 499 

compensated with the increase in reactivity and the combustion continues further 500 

during the expansion stroke and results to be longer. For OMEx, the scenery is different. 501 

Due to the higher reactivity and the lower stoichiometric air-to-fuel ratio compared to 502 

diesel, the more the HRF and LRF mix, the lower the global AF. With the lower AF and 503 



higher reactivity, the burning rate is enhanced, which accelerates the heat release and 504 

actuates as an enhancer of mixing. 505 

 
(a) 

 
(b) 

Figure 11. (a) Combustion duration for each operating condition with Diesel-Gasoline and (b) with 506 
OMEx-Gasoline. 507 

Figure 12 and Figure 13 show the RoHR profiles for the different operating points for 508 

Diesel and OMEx, respectively. For both fuel combinations, a clear premixed combustion 509 

can be appreciated for the operating points up to 50% load. Under high load conditions 510 

it is noticeable that a staged combustion appears. In the case of OMEx, the later stage 511 

of combustion clearly corresponds with a diffusive combustion as a consequence of the 512 

excessively long injection times. In the case of diesel injections, the end of the direct 513 

injection and the start of the last combustion stage overlap, which makes difficult to 514 

determine if the staged combustion is driven by the diffusion process of the highly 515 

concentrated fuel regions coming from the injection process or if it is a late combustion 516 

coming from the stratified mixture where regions with different cetane number are 517 

formed and some of them can burn later. To confirm which case is taking place it would 518 

be necessary to have optical access to the combustion chamber and directly measure 519 

the driving phenome or use high fidelity 3D CFD. Both options are beyond the scope of 520 

this work. In the case of OMEx a very clear change of slope is appreciated in those cases 521 

where the change in reactivity of the fuel mixture is significant. 522 



  

  

  

  
Figure 12. Heat release of every operating point for Diesel-Gasoline DMDF with LFI and HFI 523 

 524 



  

  

  

  
Figure 13. Heat release of every operating point for OMEx-Gasoline DMDF with LFI and HFI  525 



3.3. Engine performance and emissions results 526 

Figure 14 shows the equivalent brake specific fuel consumption (BSFCeq) for both diesel-527 

gasoline and OMEx-gasoline. As shown in Equation (6)), the equivalent BFSC takes into 528 

account the differences in LHV between the different fuels and considers the diesel fuel 529 

as reference to maintain the same energy basis for all the mixtures. Then, it is possible 530 

to decouple the effects of the different LHV from the differences on the combustion 531 

process. In Figure 14, it can be appreciated that the use of the HFI has a detrimental 532 

impact on the specific fuel consumption in general, but the increase is small enough to 533 

justify that there is no difference in fuel consumption independently of the hardware 534 

used. This enforces the previous conclusion that the change in combustion phasing is 535 

small enough to not have an impact on the performance of the engine. 536 

𝐵𝑆𝐹𝐶𝑒𝑞[𝑔/𝑘𝑊ℎ] =

𝑚̇𝐻𝑅𝐹 ∙ (
𝐿𝐻𝑉𝐻𝑅𝐹
𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙

) + 𝑚̇𝐿𝑅𝐹 ∙ (
𝐿𝐻𝑉𝐿𝑅𝐹

𝐿𝐻𝑉𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
)

𝑇𝑜𝑟𝑞𝑢𝑒
 

(6) 

 537 
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Figure 14. (a) Equivalent BSFC values for each operating condition with Diesel-Gasoline and (b) with 538 
OMEx-Gasoline. 539 

In terms of NOx emissions, a clear effect appears for Diesel when using the HFI. The 540 

higher equivalence ratio of the mixture during the combustion process produces higher 541 

temperatures, which lead to a higher NOx production. As seen in Figure 15, the use of 542 

the LFI allows to reach the Euro 6 NOx limit (0.4 g/kWh [46]) in most of the operating 543 



points. The use of the HFI produces higher NOx emissions in almost all the operating 544 

conditions in the case of diesel. By contrast, no clear differences can be appreciated in 545 

the case of OMEx, with some points producing lower while other higher NOx than the 546 

LFI. In this sense, it can be concluded that the low LHV and the low stoichiometric AF of 547 

the OMEx allow to have low-temperature flames independently of the mixing 548 

capabilities of the hardware. 549 

 
(a) 

 
(b) 

Figure 15. (a) BSNOx values for each operating condition with Diesel-Gasoline and (b) with OMEx-550 
Gasoline. 551 

Figure 16 and Figure 17 show the results in terms of BSCO and BSHC emissions. In terms 552 

of CO emissions, no clear difference can be observed. By contrast, a consistent increase 553 

of unburnt hydrocarbons appears when the HFI is used. The main source of these 554 

contaminants is the fuel fraction trapped in the piston clearances and crevices during 555 

compression (mainly coming from the LRF introduced through PFI). Seeing how the CO 556 

fraction remains considerably unaltered, it can be deduced that the fraction of fuel 557 

trapped inside the crevices is more or less the same, and the chemical equilibrium of CO 558 

formation is reached independently of the injector employed. When including the HC 559 

emissions results to this conclusion, there is an additional source of HC. The other main 560 

source of HC is from the incomplete combustion of the fuel, therefore, there is a 561 

systematic drop of combustion efficiency when using the HFI because of the poor mixing 562 



performance. When the resultant levels of these emissions are compared to the limit 563 

values imposed in the Euro 6 legislation (1.5 g/kWh for BSCO and 0.13 g/kWh for BSHC 564 

[46]), any of the operating points fulfils the requirements. This is a clear problem for the 565 

DMDF combustion mode, but it can be easily solves incorporating a DOC in the 566 

aftertreatment system (ATS) that would oxidize these substances to complete 567 

combustion [47]. 568 
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Figure 16. (a) BSCO values for each operating condition with Diesel-Gasoline and (b) with OMEx-569 
Gasoline. 570 

 

 
(a) 

 

 
(b) 

Figure 17. (a) BSHC values for each operating condition with Diesel-Gasoline and (b) with OMEx-571 
Gasoline. 572 

Finally, Figure 18 shows that the soot production is enhanced at high load conditions for 573 

the diesel cases due to a diffusive combustion under richer conditions. The soot 574 



production at high loads greatly surpasses the limit of 0.01 g/kWh imposed by the Euro 575 

6 normative. By contrast, OMEx showed zero soot emissions independently on the 576 

hardware used. This is one of the main benefits of OMEx that has already been reported 577 

in the literature that makes it so interesting for its application in a DMDF combustion 578 

mode [34] .  579 

 
(a) 

 
(b) 

Figure 18. (a) BSSoot values for each operating condition with Diesel-Gasoline and (b) with OMEx-580 
Gasoline. 581 

4. Selection of best hardware 582 

The experimental results show a consistent behaviour for both injectors. In general, the 583 

LFI performs better in terms of emissions, but slight benefits in CO or NOx (only for 584 

OMEx) emissions can be observed at certain points when using the HFI. In order to 585 

evaluate the global benefit or worsening of each injector the following methodology will 586 

be used: the first step is to simulate a real condition of engine operation. With the whole 587 

operation of the engine, the different operating states will be correlated to the 588 

experimental points measured in this work to evaluate the representativeness of the 589 

measured operating conditions and give each operating point a weight in the driving 590 

cycle. The engine performance during the driving cycle will be computed as the weighted 591 



average of the results from the experimental measurements. Finally, a merit function 592 

will be used to determine which is the best hardware to use. 593 

To produce the operating points of the engine during real driving conditions, a complete 594 

map of the DMDF engine was used to implement in a vehicle simulation using the 595 

software GT-Suite [48]. For this simulation, a homologation driving cycle WHVC was 596 

imposed on a heavy-duty vehicle with a payload of 50% of its maximum cargo as 597 

established by the standard procedure [46]. This simulation is limited to stationary 598 

points and does not include transient effects, but it is more than enough to evaluate the 599 

real performance of the engine. In Figure 19 are included all the operating points in 600 

which the engine must operate during the WHVC with a constant time step of 0.1 601 

seconds between them.  Based on the number of points and the BSFC, a representative 602 

region is assigned to each of the eight points measured in this work in such a way that 603 

the weighted average BSFC of the region has a difference of less than 3% of BSFC with 604 

the experimental point [50]. This routine is only performed once as for all fuels and 605 

hardware, the power output map is the same, therefore the driving cycle will result in 606 

the same scatter of operating points. The representative regions of each point are also 607 

included in Figure 19. A summary of the weight of each operating point is included in 608 

Table 7. As not all the points are covered by the eight measured operating points, the 609 

global weight of each point is normalized by the total number of represented points in 610 

order to have a coherent average value of fuel consumption and emissions. The whole 611 

simulation consisted of 11109 points, and the 8 measured points can cover 612 



approximately 80% of these operating conditions. With this, it can be assured that the 613 

results from this analysis are representative of the complete driving cycle.   614 

 615 

Figure 19. Engine operating conditions during WHVC driving cycle and representative region of the 616 
measured operating points 617 

 618 

Table 7. Summary of the representativeness of each measured point during a driving cycle. 619 

Operating Point 
Number of 

points 
Percentual 
Weight [%] 

Normalized percentual 
weight [%] 

Complete simulated 
driving cycle 

11109 100 - 

1 182 1.64 2.06 

2 731 6.58 8.29 

3 592 5.33 6.71 

4 3524 31.72 39.97 

5 3534 31.81 40.08 

6 160 1.44 1.81 

7 72 0.65 0.82 

8 22 0.20 0.25 

Total 8817 79.37 100.00 

 620 

The representative averages for each case obtained with the normalized weight for each 621 

point are included in Table 8. In general, the HFI produces more emissions with a higher 622 

specific fuel consumption. The drop in engine efficiency when using the HFI increases 623 

the BSFC and the only emission constrain that fulfils with diesel is the soot limitation.  624 



To better quantify how much the engine performance is deteriorated when using the 625 

HFI with each fuel, a merit function is used. Considering this particular application in 626 

which CO and HC emissions could be removed with the use of a single DOC adapted to 627 

specifically work with OMEx emissions that results in a relatively simple ATS [51], these 628 

contaminants can be of lesser relevance as engine-out emissions, and the fuel 629 

consumption does not show great variations between cases, therefore the most 630 

relevant performance parameters to evaluate are NOx and soot emissions [52]. For this 631 

case it is recommended in the literature to use the multi-objective merit function 632 

written in Equation (7), where the subscript “t” refers to the objective or reference value 633 

to evaluate each performance parameter [53].   634 

𝐹 = ((
𝐵𝑆𝑁𝑂𝑥

𝐵𝑆𝑁𝑂𝑥𝑡
)
2

+ (
𝐵𝑆𝑆𝑜𝑜𝑡

𝐵𝑆𝑆𝑜𝑜𝑡𝑡
)
2

)

0.5

+
𝐵𝑆𝐶𝑂

3 · 𝐵𝑆𝐶𝑂𝑡
+

𝐵𝑆𝐻𝐶

3 · 𝐵𝑆𝐻𝐶𝑡
+

𝐵𝑆𝐹𝐶𝑒𝑞
3 · 𝐵𝑆𝐹𝐶𝑒𝑞,𝑡

 (7) 

 635 

The target values for the emissions are the limits established by the norm Euro 6 that 636 

have already been mentioned: 0.4 g/kWh for BSNOx, 1.5 g/kWh for BSCO, 0.13 g/kWh 637 

for BSGC and 0.01 g/kWh for BSSoot [46]. For the reference value of the fuel 638 

consumption it has been decided to use the minimum value from all points in each set. 639 

In this way, it is possible to include how much the average BSFC of the complete engine 640 

operation is increased relative to its best performance condition. In fact, the minimum 641 

values of BSFCeq are very similar for all the cases and the comparison can be expanded 642 

to all the combinations of fuel and hardware. The values obtained for the merit function 643 

(F) are also included in Table 8.   644 

 The values of the merit function F denote that the lower the value the better the engine 645 

performance. Two main conclusions can be extracted from this analysis: the first 646 



conclusion is that the HFI has an overall worse performance than the LFI, therefore the 647 

LFI is a better option for low-emissions applications. The second conclusion that can be 648 

extracted is that the benefits of OMEx in terms of emissions surpasses by far the slight 649 

increase in specific fuel consumption, and makes this fuel a very promising candidate as 650 

an alternative fuel for the future of low-emissions internal combustion engines.   651 

Table 8. Summary of results for a driving cycle for each combination of fuel and hardware. 652 

 
BSFCeq 

[g/kWh] 
BSNOx 

[g/kWh] 
BSCO 

[g/kWh] 
BSHC 

[g/kWh] 
BSSoot 

[g/kWh] 
F [-] 

Diesel LFI 236.37 0.36 10.45 4.10 0.0036 14.14 
Diesel HFI 238.66 0.48 10.32 5.17 0.0054 17.24 
OMEx LFI 237.69 0.36 8.56 2.38 0.0000 9.26 
OMEx HFI 240.78 0.37 9.81 3.97 0.0000 13.65 

 653 

5. Conclusions 654 

This study investigated the suitability of different injector typologies for the use of e-655 

fuels with low LHV in the dual-mode dual-fuel combustion concept with the objective of 656 

selecting the most suitable injector. The investigation was carried out using a multi-657 

cylinder 8L production engine modified to promote the dual-fuel combustion. 658 

Moreover, two different fuel combinations were studied, diesel-gasoline and OMEx-659 

gasoline. The results of this investigation showed that: 660 

 The use of low LHV fuels requires an adaptation of the injection strategy for 661 

longer injections in order to maintain equivalent energy inputs. 662 

 The use of injectors with high flow capacity result in a delayed ignition that could 663 

be overcome with a recalibration of the injection strategy. 664 

 The mixing capability depends on both the injector and fuel properties. In 665 

general, high flow injectors show lower mixing capabilities resulting in a 666 

generally delayed combustion phasing and narrow margin for the injection 667 



calibration. Too early injections result in too strong premixing with high pressure 668 

gradients and too late injections result in a decrement of power output. 669 

 For the tested operating points, the change in combustion phasing did not affect 670 

the equivalent specific fuel consumption. 671 

 NOx, soot and unburned hydrocarbons emissions were increased when using the 672 

injector with higher flow capacity as a consequence of too rich combustion and 673 

a worsening of the combustion efficiency. 674 

 Under real driving conditions, the high flow injector with diesel is not able to fulfil 675 

Euro 6 normative for NOx and soot. 676 

 Global performance results show that the low flow injector is the best option for 677 

low-emission applications. 678 

 OMEx capabilities for low-NOx and zero-soot emissions far compensate the 679 

increase in specific fuel consumption and highlight its benefits as a candidate for 680 

the fuel of the future.  681 

From these results, it can be concluded that the use of high flow capacity injectors for 682 

low LHV fuels is capable of solving the problem of too long injections, but the mixing 683 

capability is compromised and it affects the combustion process negatively. While the 684 

low flow capacity injectors are limited by the injection duration, they allow for a more 685 

flexible injection strategy and reduce emissions while fulfilling the performance targets. 686 
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