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Abstract 10 

Mitigation of the carbon footprint of internal combustion engines is mandatory to ensure a 11 

future for this technology. Within this scope, e-fuels are considered a potential solution to 12 

replace conventional fossil fuels. However, in some cases, their physical and chemical properties 13 

are so different that its application in conventional engines is complex. For this reason, this work 14 

focuses on the study of oxymethylene ethers (OMEX) as a potential low-carbon fuel alternative. 15 

The aim is to improve the understanding of the combustion process of these e-fuels when they 16 

replace fossil Diesel in internal combustion engines under equivalent operating conditions. To 17 

achieve this objective, a computational fluid dynamics model of an optical compression ignition 18 

engine has been developed. The operating conditions chosen are representative of a medium 19 

load point of the engine, which coincide with experimental work previously done on this 20 

platform. n-Heptane was used as surrogate of fossil Diesel while OMEX was simulated as a 21 
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simpler mixture of oxymethylene ether molecules. Results show remarkable differences 22 

between Diesel and OMEX. This fuel provides lower equivalence ratio fields. Thus, oxidation 23 

reactions are promoted in wider areas within the combustion chamber, leading to a faster 24 

combustion process. Besides, the soot formation is also drastically decreased in comparison to 25 

the other fuel. These results have been corroborated with experimental information. 26 

Keywords 27 

Computer Fluid Dynamics; Oxymethylene Ether; soot reduction; compression ignition; low-28 

carbon fuel. 29 

Abbreviations 30 

aTDC: after top dead centre 31 

CI: Compression Ignition 32 

CO2: Carbon dioxide 33 

EVC: Exhaust valve closing 34 

EVO: Exhaust valve opening 35 

HVO: Hydrotreated Vegetable Oil 36 

ICE: Internal Combustion Engine 37 

IMEP: Indicated Mean Effective Pressure 38 

IVC: Intake valve closing 39 

IVO: Intake valve opening 40 



LHV: Lower Heating Value 41 

NOX: Nitrogen oxides 42 

OH: hydroxyl radical 43 

OMEX: Oxymethylene Ethers 44 

SOI: Start of injection 45 

TDC: Top dead centre 46 

 47 

1. Introduction 48 

Climate change is one of the most important and difficult challenges that society is facing. This 49 

phenomenon is linked to the global warming, which is enhanced by the accumulation in the 50 

atmosphere of green-house gases that are mainly produced by the human activity. The 51 

greenhouse gas emission trends of the last three decades show a continuous increase of direct 52 

and indirect green-house gas emissions reaching a 14% share of the total emissions in 2018, 53 

from which road transport represents 73% of it1. Besides, recent studies identify this sector as a 54 

burden for the climate mitigation efforts2. For this reason, researchers and the automotive 55 

industry are dedicating big efforts on reducing this carbon footprint.  56 

In this scenario, the search of low-carbon alternatives to conventional fossil fuels has emerged 57 

as a very interesting proposal. They drastically reduce the carbon footprint of hydrocarbon 58 

powered vehicles, without needing major modifications in terms of the internal combustion 59 

engine (ICE) design3–7. An alternative that has being developed during the last decade is the so-60 

called e-fuels. This term refers to synthetic fuels that are produced from the combination of 61 



electricity, water and carbon dioxide (CO2). Their carbon neutrality derives from the fact that, 62 

on one hand, the required electricity is obtained from renewable energy sources. On the other 63 

hand, the amount of CO2 released during its use is only as much as the one used for its 64 

production6,8. Some authors have already highlighted the relevant role that the e-fuels would 65 

have for the transportation sector but also as a way to store and transport renewable 66 

energy6,9,10. Even certain scenarios consider them necessary to achieve the CO2 reduction targets 67 

in combination with other solutions9. Interest has been recently gained by oxymethylene ethers 68 

(OMEX). Different life-cycle assessments reported the potential reduction of greenhouse gas 69 

emissions of these fuels in comparison to conventional Diesel11–13 either completely or partially 70 

replacing fossil fuels. However, the use of renewable energies is the key to achieve this. 71 

The OMEX are hydrocarbons formed by a chemical structure CH3-O-(CH2-O)X-CH3, where X 72 

usually varies from 1 to 6. Thanks to the oxygen content and the absence of C-C bonds, these 73 

fuels have potential to reduce soot emissions in engines. OME1 is the simplest molecule of the 74 

OME family. However, according to Härtl et al.14, this fuel cannot be used unblended. In contrast, 75 

longer chain OMEX are more interesting as they have more suitable properties15. Different works 76 

have reported an important reduction of in-cylinder soot formation emissions either using neat 77 

OMEX or blending it with other fuels16–19. Additionally, several authors reported the possibility 78 

of using of EGR to reduce nitrogen oxides (NOX) emissions without affecting soot emissions14,20, 79 

overcoming the well-known Soot-NOX trade off. As a drawback, OMEX has a lower heating value 80 

(LHV) lower than fossil Diesel. Thus, higher injection pressures and/or durations are necessary 81 

to compensate the energy decrease. However, combustion duration is shorter thanks to a faster 82 

burnout, which can improve thermal efficiency15,21,22. In this regard, however, it has been also 83 

observed that the longer injection durations could lead to longer combustions under certain 84 

operating conditions, which will cause a reduction of the efficiency23. In addition, an increase of 85 

certain emissions like carbon monoxide or hydrocarbons has been also reported when using this 86 

fuel24. 87 



Considering all the interest, the objective of the current work is to provide more insight into the 88 

potential of OMEX fuels to power ICE engines replacing fossil Diesel. For this purpose, a numerical 89 

study has been performed with the commercial code CONVERGE, with a domain based on a 90 

single cylinder optical compression ignition engine geometry. The novelty of this research 91 

resides on the lack of numerical studies of multicomponent OMEX not blended with other fuels, 92 

under realistic engine operating conditions. The main contribution of this work is to provide a 93 

detailed description of the impact of the oxygen content and stoichiometry of the oxymethylene 94 

ether molecule on combustion development, energy release and soot formation/oxidation in 95 

comparison with more conventional fuels. The results provide details with spatial and temporal 96 

resolution about the equivalence ratios reached by OMEX in comparison to Diesel and their 97 

impact on the evolution of the combustion process, paying special attention on aspects like the 98 

energy release or the late combustion stage. The comparison between both fuels is performed 99 

under equivalent engine operating conditions, which implies a different injection strategy that 100 

could affect OMEX performance. Besides, results are supported by experimental data obtained 101 

in the same optical engine used as model for this research (Pastor et al.25), which has not been 102 

observed in previous publications related with neat OMEX. 103 

2. Modeling approach 104 

2.1. Fuel definition 105 

The aim of the current work is to analyse the behaviour of OMEX when replacing fossil Diesel in 106 

a CI engine. For this purpose, simulations of the alternative and the fossil fuel have been carried 107 

out under the same operating conditions. For fossil Diesel, the liquid phase was simulated using 108 

a pre-defined fluid from the commercial code CONVERGE26 (identified as DIESEL2). For the vapor 109 

phase, n-Heptane was chosen as it is a widely accepted surrogate for this fuel27–29 as it provides 110 

similar ignition delay values to those of n-alkanes with carbon atoms in the range of 7 to 1630,31. 111 



The definition of the OMEX surrogate fuel was done to represent the fuel corresponding to the 112 

experimental data that has been used in this study, which was a mixture of different chain 113 

lengths where the larger fractions corresponded to OME3 and OME4. The OME5 and OME6 114 

molecules were excluded as it was not possible to obtain from literature the physical properties 115 

required to simulate them. Besides, the reaction mechanism used only included from OME2 to 116 

OME4. Thus, it was decided to define the surrogate fuel as a blend of OME3 and OME4, using the 117 

second one as representative of all OMEX fractions with X ≥ 4. The composition of the reference 118 

fuel and its surrogate (OME3-4) are included in Table 1. The main properties of the original fuels 119 

and their surrogates are summarized in Table 2.  120 

Table 1 Composition of OMEX and OME3-4 121 

Molecule OMEX (wt%) OME3-4 (wt%) 

OME1 0.01 0 

OME2 <0.01 0 

OME3 57.90 57.9 

OME4 28.87 42.1 

OME5 10.08 0 

OME6 1.91 0 

Table 2 Original and surrogate fuel main properties 122 

Properties Diesel n-Heptane OMEx OME3-4 DIESEL 2 

Density [kg/m3] (T= 15 °C) 835.20 688.43 1057.10 1044.74 848 

Viscosity [mm2/s] (T= 40 °C) 2.80 0.52 1.08 2.09 2.59 

Cetane number [–] 54.18 56 32 68.6 - - 

Lower heating value [MJ/kg] 39.79 44.91 19.21 19.89 - 

Initial Boiling Point [°C] 155.10 98.42 144.90 155.04 268.78 

Final Boiling Point [°C] 363.1 - 242.4 201.1 - 



Carbon content [% m/m] 85.3  84 44.2 43.8 - 

Hydrogen Content [% m/m] 13.4  16 8.8 8.7 - 

Oxygen content [% m/m] 0 0 45 47.5 - 

Air/Fuel stoichiometric ratio  14.39:1 15.18:1 5.89:1 5.98:1  

For each fuel, a different injection rate was used that was defined based on the injection 123 

strategies used in the reference experimental study25 and are represented in Figure 1. For the 124 

two fuels, the injection strategy was made up by 2 pilot injections, the main injection and a post-125 

injection. The start and duration of each injection event, as well as the injection pressure, were 126 

experimentally set to obtain 7.5 bar IMEP and a similar combustion phasing for both fuels. Due 127 

to the different LHV, OMEX required a longer main and post injection. Finally, it is worth 128 

mentioning that the injection rate was scaled for the two surrogate fuels, based on the ratio 129 

between their LHV and the original fuel’s one. More specifically, for n-Heptane it means a 12% 130 

reduction of injected mass in comparison to Diesel while for OME3-4 it means a 3.5% of reduction 131 

compared to OMEX. 132 

 133 

Figure 1 Mass flow rate (continuous line) and injected mass (dashed line) for the two surrogate fuels 134 

2.2. Computational set-up 135 



A 3D model of an optical single cylinder compression ignition engine has been used to define 136 

the computational domain. It is based on a commercial engine platform25 with 400 cm3 unitary 137 

displacement. The model also replicates the original cylinder head installed in the optical engine, 138 

with 4 valves per cylinder and a centrally located injector. The bore and stroke are also the same 139 

as the original engine. The main geometry parameters are summarized in Table 3. 140 

Table 3 Optical engine main parameters 141 

Valves per cylinder [-] 4 

Num. of cylinders [-] 1 

Stroke [mm] 80.1 

Bore [mm] 80 

Unitary displacement [cm3] 402 

Effective Compression ratio [-] 10.4 

Bowl type [-] Re-entrant 

Intake valve distribution [° aTDC] IVO:380.21; IVC: -157.31 

Exhaust valve distribution [° aTDC] EVO:175.52; EVC: 367.8 

The computational domain includes the combustion chamber and the intake and exhaust ducts. 142 

It is represented in Figure 2. Besides, intake and exhaust lines of the experimental facility have 143 

been also included to properly define intake and exhaust boundaries and to simulate a realistic 144 

air-flow management process. 145 



 146 

Figure 2 Sketch of the computational domain 147 

To define the computational domain meshing, a mesh sensitivity analysis was performed. Its 148 

effect over in-cylinder pressure and heat release rate (HRR) were used as reference. Different 149 

base grid sizes were evaluated, using the same mesh configuration. For all of them, a grid 150 

refinement was applied to all in-cylinder surfaces to properly model the boundary layer and 151 

heat-transfer. A similar configuration was applied to the valve seat and valve head surfaces due 152 

to the strong velocity gradients that could be expected in this region. Besides, additional grid 153 

refinement was applied to the volume occupied by fuel sprays to improve break-up, evaporation 154 

and combustion modelling accuracy. This was used from start of injection (SOI) until 20° aTDC. 155 

Finally, an adaptive mesh refinement algorithm was also used at the in-cylinder region and the 156 

intake and exhaust ports. It automatically applied a mesh refinement to keep gradients of 157 

certain parameters below pre-defined maximum values. In this case, velocity and temperature 158 

were configured as the reference parameters. The Table 4 shows a summary of the different 159 

meshes evaluated. 160 

Table 4 Summary of the different meshes evaluated in the mesh sensitivity analysis 161 

Molecule Mesh A Mesh B Mesh C Mesh D 



Base grid size (mm) 1 0.8 0.6 0.4 

Number of cells at top dead centre  164,941 272,513 586,891 1,657,044 

Computational time (h) 3.4 8.2 29.7 79.7 

 162 

Figure 3 In-cylinder pressure and heat release rate of n-Heptane corresponding to the mesh sensitivity analysis 163 

The results obtained with all the meshes are summarized in Figure 3. In terms of in-cylinder 164 

pressure, there are no remarkable difference among them. However, it is possible to see that 165 

Mesh A and B are not able to reproduce the last HRR peak that corresponds to the post-injection 166 

combustion. In contrast, the other two meshes can reproduce this event. Small differences can 167 

still be detected between Mesh C and D, as slightly higher HRR peaks are obtained for the second 168 

one during the second pilot and the post-injection combustion. When looking at the 169 

computational cost, for n-Heptane the Mesh D requires 2.7 times more time. However, for 170 

OME3-4 the computational time required with this mesh was estimated to be around 640 hours 171 

due to the complexity of its mechanism. For this reason, the 0.6 mm base grid size has been 172 

chosen as it was able to provide similar results to those of a finer mesh and reproduce the 173 

characteristic events of the combustion process, while keeping an affordable computational 174 

cost. 175 



In terms of multiphase modelling, the available Lagrangian parcel - Eulerian fluid approach in 176 

CONVERGE26 has been used. The description of the Eulerian fluid is made using the Reynolds-177 

Averaged Navier-Stokes (RANS) Re-Normalization Group (RNG) k-epsilon model. The heat 178 

transfer through walls was modelled with the O’Rourke & Amsden model33. The Pressure implicit 179 

with splitting of operators (PISO) density-based solver scheme was used. As for the Lagrangian 180 

liquid phase, evaporation was simulated by using the Frossling correlation with a uniform 181 

temperature model for droplets34 and the uniform temperature film vaporization model35. For 182 

the spray breakup, the Kelvin-Helmholtz breakup model36 with child parcel creation and the 183 

Rayleigh-Taylor breakup model37 with breakup length were used. The injected drop diameter 184 

was defined as the same of the nozzle orifice (blob). The drop/wall interaction was resolved by 185 

means of the Rebound/slide wall impingement model38. The No Time Counter (NTC) method39 186 

was used to take into account the effect of droplet collisions. To properly define the drop drag 187 

phenomenon, a dynamic model was used that accounted for variations in the drop shape 188 

through a distortion parameter35. The configuration chosen was based on the one tested by 189 

Desantes et al.40, which has been used in later studies with OME3-4
41. 190 

Two different types of simulations were carried out. The first one (motored simulation) was 191 

configured to start at top dead centre (TDC), at the beginning of the intake stroke, and extended 192 

through the motored cycle until the intake valve closing event (IVC). The main purpose was to 193 

simulate the air management process and calculate the in-cylinder velocity field that was used 194 

to initialize the air movement for the combustion simulation. This is the second simulation type, 195 

which included spray, combustion and soot formation modelling. However, in some cases as 196 

mentioned below in the discussion section, combustion was deactivated. This one started at IVC 197 

and lasted until the exhaust valve opening event (EVO).  198 

Boundary conditions were defined based on experimental data. An in-house developed zero-199 

dimensional single-zone thermodynamic model42 was used. Starting from experimental data 200 



such as in-cylinder pressure or intake air mass-flow rate, the model can calculate 201 

thermodynamic conditions at IVC which are used to initialize pressure and temperature fields 202 

for the combustion simulation. Besides, it can estimate different parameters related with heat 203 

transfer, like in-cylinder surface temperatures. It applies a nodal model to calculate mean 204 

temperature of the liner, the piston and the cylinder head which were used as the boundary 205 

conditions to model the heat transfer problem. 206 

An injector with an 8-hole nozzle was used for the simulation. The orifice diameter was 116 μm, 207 

with a constant discharge coefficient of 0.85. The angle between the spray axis and the cylinder 208 

head plane was set to 22.5°. It was estimated based on the characterization of the same engine 209 

presented by Pastor et al.43. The injection timing and the footprint created by the sprays on the 210 

piston was used to calculate it. Besides, the spray cone angle was set to 15.25°, as obtained from 211 

high-speed images registered in the optical engine.  212 

Combustion has been simulated using the well-mixed SAGE detailed chemical kinetics solver44. 213 

Thus, for each of the fuels used in this work a specific reaction mechanism was utilized. For 214 

OME3-4, the mechanism published by Cai et al.45 was chosen as it was developed to simulate 215 

from OME2 to OME4. However, this mechanism does not contain n-Heptane. Thus, an additional 216 

one was selected for this purpose (Nordin46). Soot formation and oxidation was simulated with 217 

the Hiroyasu empirical soot model47, with C2H2 as soot precursor. 218 

2.1 In-cylinder operating conditions 219 

A single operating point has been simulated for both fuels. It is representative of a medium load 220 

point (7.5 bar IMEP) of the optical engine. Experimental intake pressure and temperature were 221 

set to 2.15 bar and 94°C to compensate for the low compression ratio of the engine. This 222 

resulted in 2.21 bar and 100.49°C at IVC, which were used to initialize pressure and temperature 223 

fields in the computational domain. In Figure 4, the simulated in-cylinder pressure evolution is 224 



compared with the experimental one between -20 and 40° aTDC for both motored and 225 

combustion conditions. It is possible to see that the in-cylinder thermodynamic conditions are 226 

accurately simulated during the whole injection event. Only a small discrepancy starts appearing 227 

during expansion stroke. In addition, the comparison between the experimental and simulated 228 

reactive pressure curves show that the mechanisms and the model configuration chosen are 229 

able to reproduce the relative experimental behaviour of both fuels while the difference with 230 

the experimental data is around 5% close to the peak pressure. 231 

 232 

Figure 4 Comparison between experimental and calculated in-cylinder pressure evolution for both fuels under 233 

motored and combustion conditions. 234 

3. Results and discussion 235 

3.1. Mixture formation. 236 

With the aim of following the chronological order of events that take place after SOI, discussion 237 

will start with the analysis of air/fuel mixture formation for cases where the combustion model 238 

was not activated. The evolution of the evaporated fuel mass fraction distribution is shown in 239 

Figure 5. It must be noted that the analysis is focused on the main and post-injection events. 240 

Information corresponds to a plane perpendicular to the piston movement and oriented so it is 241 

aligned with the symmetry plane of two opposed sprays.  242 



 243 

Figure 5 Evaporated fuel mass fraction evolution for n-Heptane and OME3-4 at different instants. 244 

Until 6° aTDC, injection strategy is quite similar as it is shown in Figure 1. Thus, although OME3-4 245 

injected mass is slightly lower, a similar distribution is observed. After this timing, the end of the 246 

main injection is reached for n-Heptane while for OME3-4 fuel delivery is still on-going. This 247 

results in the decrease of the mass fraction fields for the first one, with high concentrations 248 

remaining close to the bowl periphery. As for OME3-4, higher mass fraction values are still 249 

observable for a longer time due to the longer injection event.  250 

Despite OME3-4 has different physical properties, they seem to not affect evaporation and 251 

mixture formation in comparison to Diesel. However, its molecule contains a large amount of 252 

oxygen atoms which defines a very different stoichiometry compared to n-Heptane. Thus, even 253 

if the OME3-4 evaporated mass fraction distribution were similar, it could be expected that the 254 

equivalence ratio (ф) will not be so. For this reason, the ф distribution of n-Heptane and OME3-4 255 

are compared in Figure 6. Values have been calculated only with evaporated fuel, to be 256 

consistent with Figure 5. Besides, data corresponds to the same plane used in that figure. Due 257 

to the different stoichiometry, ф levels of OME3-4 are much lower than those of n-Heptane. Even 258 

after the end of the main injection of this fuel, the oxymethylene mixture still provides lower ф 259 

values being bellow 2 even at the spray symmetry plane. At this point, it is worth mentioning 260 

that the injection rate escalation based on LHV is reducing the differences between fuels in 261 



comparison with those that could have been obtained in experiments. However, still much lean 262 

mixtures are achieved by OME3-4 which hint at a potential soot-free combustion process. 263 

 264 

Figure 6 Equivalence ratio (ф) evolution for the for n-Heptane and OME3-4 at different instants. 265 

3.2. Combustion and soot formation 266 

The simulation of the combustion process allows to obtain the HRR for each fuel, which is shown 267 

in Figure 7. The plot on the left corresponds to the data obtained from the CFD calculations while 268 

the plot on the right represents the experimental data reproduced from Pastor et al.25. 269 

 270 

Figure 7 Experimental (right) and calculated (left) heat release rate for Diesel and OMEX and their surrogates. 271 

Information reproduced from Pastor et al25. 272 



Once the two pilot injections have burned, in-cylinder conditions promote the combustion of 273 

the main injection event for both fuels. Focusing on this part of the combustion process, it is 274 

possible to see that n-Heptane and OME3-4 present a relative behaviour like what it is observed 275 

when comparing experimental Diesel and OMEX data. During main injection combustion, 276 

between 2.5 and 12.5° aTDC, the same HRR peak value is achieved by n-Heptane and OME3-4 at 277 

the simulation while a small difference is observed in the experimental data. The effects of the 278 

different injection strategy are also visible, with a longer main injection event and a later post-279 

injection for the OME3-4. However, it is possible to see that the late stage of combustion is much 280 

faster for this fuel in comparison to n-Heptane. The slope of the HRR curve is more pronounced 281 

after the post-injection and it drops to zero much earlier. This behaviour is observed both in the 282 

simulation and experiments. Similar differences were reported by Pastor et al.48 when 283 

comparing pure Diesel with different mixtures of this fuel and OMEX as well as neat OMEX. 284 

In Figure 8, the spatial distribution of the accumulated hydroxyl radical (OH) mass between the 285 

piston and the cylinder head surface is shown for both fuels. This data should be comparable 286 

with the OH* chemiluminescence radiation, which is known to be a good tracer of high-287 

temperature oxidation reactions49. Radiation was registered through the optical access of the 288 

piston bowl and it is represented in Figure 9. These images are the result of the accumulation of 289 

all radiation emitted by this excited radical all along the combustion chamber. The intensity scale 290 

used for each instant was adjusted to avoid saturation. 291 

 292 

Figure 8 Accumulated OH mass distribution for n-Heptane and OME3-4 at different instants.  293 



 294 

Figure 9 OH* radiation measured for Diesel and OMEX at different instants. Information reproduced from Pastor et 295 

al25. 296 

When comparing experimental results and simulations, several similarities can be identified. 297 

Between the start of combustion and 5° aTDC, OH is located mainly in the bowl for both fuels as 298 

it is shown by both experiments and CFD. At -1.6° both data sources provide slightly different 299 

distributions, showing the experiments larger areas than the simulations. This is coherent with 300 

the discrepancies observed with the HRR for the pilot injection combustions. Nevertheless, for 301 

both CFD and experiments it is possible to see that Diesel and n-Heptane show higher OH 302 

presence than OMEX and OME3-4, which is coherent with the HRR evolution observed in Figure 303 

7. Just after 4° aTDC, the main injection combustion has started and HRR is rising. The 304 

combustion extends and grows faster for OME3-4 and the OH quantity increases over n-Heptane. 305 

At 9° aTDC, remarkable differences appear in the experiments as Diesel shows almost no OH* 306 

signal in the bowl even at its periphery. This is not consistent with simulations. Nevertheless, 307 

the authors of the experimental work stated that the presence of high amounts of soot close to 308 

the bowl bottom could be screening the ultraviolet radiation at this stage of combustion, which 309 

explain the differences with the results presented here. At 13.5° aTDC, n-Heptane still presents 310 

a different OH distribution in comparison to OME3-4. The first fuel shows high OH presence close 311 

to the bowl wall and the squish region. However, for the second fuel not so much OH is observed 312 

at the squish region while inside the bowl the high OH regions extend towards the piston centre 313 

as combustion evolves. This behaviour is observed in both simulation and experiments.  314 



The previous description of the OH distribution for each fuel suggest that, after 13.5° aTDC, OH 315 

is present in larger regions for OME3-4 in comparison to n-Heptane. The oxygen content in the 316 

first fuel allows the air-fuel mixture to be closer to the stoichiometric ratio (ф = 1) and even 317 

bellow it in larger areas of the combustion chamber, as it was observed in Figure 6. This increases 318 

locations where fuel is likely to be oxidized, which would lead to a higher global oxidation rate 319 

of OME3-4 during the main injection combustion stage. At this point, it is worth mentioning that 320 

too low φ values could lead to a slowdown of the combustion process. However, the fact that 321 

this fuel reaches similar HRR levels to those of n-Heptane despite its lower LHV confirms that 322 

this is not the case. In contrary, it suggests even a faster reaction progression. The high reactivity 323 

of OME3-4 is playing a major role in this scenario as it allows the combustion to progress even 324 

under unfavourable conditions such as excessive low ф values. Additionally, the faster final 325 

oxidation that was reported with the HRR can be considered also evidence of this behaviour. 326 

This is also observed when comparing OH distribution at 35.8° aTDC for both simulations and 327 

experiments, as almost any OH trace is observable for OMEX while it is still detectable for Diesel. 328 

Besides, a similar behaviour has been previously reported15,21. 329 

In Figure 10 the OH mass fraction distribution is shown for the two fuels, at the same plane 330 

represented in previous figures. Besides, a contour line has been included which corresponds to 331 

ф = 1, to highlight the mixing distribution. Between 5 and 10° aTDC, OH is located at the 332 

periphery of the flame for all the cases, which corresponds to the location of stoichiometric 333 

region. This is a characteristic structure of diffusion flames as described by Dec et al.49. From 20° 334 

aTDC onwards, fuel has reached the bottom of the bowl and the squish region as it is shown in 335 

Figure 5. In this situation, it is possible to see for n-Heptane that OH is still located at the edges 336 

of the fuel regions, either from the remaining spray structure or from the fuel clouds inside and 337 

outside the bowl. In all these regions, there is a correspondence between the ф = 1 contour line 338 

represented and the OH location. However, for OME3-4 the situation is different. In this case, it 339 

is possible to see larger regions with high OH presence that coincide with relatively high fuel 340 



concentration locations. Based on the contour lines reproduced, it is possible to see that most 341 

of these regions present ф < 1 and only rich mixture can be found within the post-injection spray 342 

and in a small region close to the bowl floor, where no OH is observed. When moving to 25° or 343 

35° aTDC, OME3-4 shows a lean mixture in all the combustion chamber, while n-Heptane still 344 

presents large rich mixture areas. These results confirm the impact of the different 345 

stoichiometry of the OME3-4 on combustion development which, in combination with its higher 346 

reactivity, generates large regions where the fuel is oxidized with consequences in terms of HRR 347 

and combustion duration that have been already highlighted.  348 

 349 

Figure 10 OH mass fraction evolution for n-Heptane and OME3-4 at different instants. The red line represents the ф = 350 

1 contour. 351 

To highlight and summarize the differences in stoichiometry between OME3-4 and n-Heptane, ф-352 

T maps have been represented in Figure 11 for the two fuels at 10, 20 and 35° aTDC. Data 353 

corresponds to combustion simulations and represent the whole combustion chamber. OME3-4 354 

shows, in general, lower equivalence ratio values than n-Heptane. In fact, it does not reach the 355 

soot peninsula, which agrees with previous experimental works where no soot formation was 356 

measured for OMEX
25,50. On the other hand, n-Heptane reaches ф > 2 at certain regions, which 357 

can lead to soot formation. When looking at the temperature, it is possible to see that for 10 358 

and 20° aTDC both fuels reach similar levels, entering the NOX region. However, at 35° aTDC the 359 



temperatures for OME3-4 have significantly decreased in comparison to n-Heptane thanks to the 360 

faster oxidation process that has been previously discussed. 361 

 362 

Figure 11 Equivalence ratio vs. Temperature maps for n-Heptane and OME3-4 at 10, 20 and 35º aTDC.  363 

Finally, soot model results are presented here to compare the different fuel behaviour but some 364 

considerations need to be made, though. On the one hand, the molecule structure of the 365 

surrogate fuels should have strong impact on soot formed. In this work, n-Heptane was chosen 366 

as Diesel surrogate as it is known to be able to reproduce a similar combustion behaviour. 367 

However, Diesel contains aromatic compounds that are known to be soot precursors. 368 

Additionally, the longer hydrocarbon chains of this fuel would produce more soot than the 369 

surrogate one. On the other hand, different authors have reported that Hiroyasu model could 370 

be not accurate enough to quantify soot formation51. Besides, the reaction mechanism chosen 371 

can also determinate results in this regard52. However, the approach chosen is considered good 372 

enough to compare such different fuels as n-Heptane and OME3-4 in a qualitative way. 373 

Soot formation and oxidation behaviour for the two fuels have been analysed in terms of soot 374 

(red) and OH (blue) distribution in Figure 12. Data corresponds to both species mass fraction on 375 

a plane perpendicular to the piston movement (the same plane used in previous figures). Values 376 

have been normalized between 0 and 1, based on the maximum values reached at every instant 377 

for each fuel, to improve its visibility and focus on the spatial distribution in the combustion 378 

chamber. However, it is important to highlight that the soot model predicts two orders of 379 



magnitude less soot for OME3-4 than for n-Heptane. This agrees with the results reported by 380 

Pastor et al. in25,50, where it was not possible to measure any soot formation for OMEX. 381 

 382 

Figure 12 Normalized soot (red) and radical hydroxyl (blue) distribution for n-Heptane and OME3-4 at different 383 

instants. 384 

Until 10° aTDC, both fuels show a similar OH and soot distribution. The first specie is located 385 

mainly at the periphery of the flame while the second one appears within this frontier. From 20° 386 

aTDC onwards, there is a remarkable change in OME3-4. While for n-Heptane OH is still located 387 

around ф = 1 as shown in Figure 10, with the OME3-4 this radical extends to wider regions where 388 

ф < 1. This is especially visible at the bottom of the bowl, where OH and soot seem to be 389 

overlapped. According to the simulations under inert conditions, these regions are where the 390 

fuel tends to accumulate. These results are in agreement with Goeb et al.53, who state that OME1 391 

resulted in leaner mixtures as reported here and shifted the reactions and soot precursor 392 

formation to higher mixture fractions, which are avoided as mixing and combustion progresses. 393 

These authors state that this is the main cause for the remarkable soot formation reduction 394 

achieved with oxymethylene ethers even when they are blended. At 35° aTDC, it is possible to 395 

see that soot and OH distributions are somehow inverted. While n-Heptane presents large 396 

amounts of soot at the bottom of the bowl that are difficult to oxidize, with OME3-4 this region 397 



is occupied by OH. In this case, soot is relegated to other areas of the combustion chamber, and 398 

it will be oxidized before the end of combustion. 399 

4. Conclusions 400 

The aim of this work has been to evaluate the behaviour OMEX as a potential low-carbon fuel 401 

alternative to fossil Diesel. For this purpose, CFD simulations of an optical engine have been 402 

carried out with two surrogate fuels: n-Heptane (Diesel) and OME3-4 (OMEX). Besides, 403 

experimental data obtained at the same optical engine has been used to corroborate CFD 404 

results. 405 

The first simulations under inert conditions highlighted the great relevance of the different 406 

stoichiometry of each molecule. While the in-cylinder fuel distribution is similar for the two 407 

fuels, the equivalence ratio is not. The oxygen content of the OME3-4 allows to keep equivalence 408 

ratio bellow 2 almost all along the combustion chamber, which has a strong impact on the 409 

combustion process. 410 

The existence of higher amount of fuel under  ф values close to 1 with OME3-4 means that there 411 

is more fuel likely to be oxidized. The high reactivity of the fuel is playing a major role in this 412 

process as it avoids combustion slowdown caused by too low φ values. The larger OH regions 413 

obtained in the simulations and confirmed with the experimental data reaffirm this idea, as this 414 

radical is considered a good tracker of the high temperature oxidation reactions. The first 415 

consequence is that in-cylinder overall fuel oxidation rate is higher compared to n-Heptane. In 416 

fact, it even compensates its lower LHV making the HRR to reach similar values as the other fuel, 417 

which was observed in both simulation and experimental data. The second consequence is that 418 

combustion finishes faster, even for a longer injection, which suggest that using different 419 

injection strategies could be a solution to compensate the lower energy available in the fuel 420 

when using OMEX to replace Diesel.  421 



Finally, it has been observed that OME3-4 reacts under low ф values that result in extensive 422 

oxidation regions and very low soot formation. Simulations suggest that much less soot is 423 

formed with this fuel, which is coherent with the impossibility to detect any soot in the 424 

experimental work. 425 
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 568 

6. APPENDIX 569 

SPRAY CONE ANGLE CALCULATION 570 

To calculate the spray cone angle to configure the spray model, the natural luminosity images 571 

used by Pastor et al.25 where utilized. The thermal radiation from early combustion during the 572 

main injection event allowed to identify and characterize the sprays geometry between 3° and 573 

6° aTDC. For this images, a segmentation algorithm extensively used by the Engine Combustion 574 

Network54 was applied to each of the sprays to obtain the spray contour and, from it, calculate 575 

the spray cone angle. In Figure 13, an example of one of the images used for this purpose is 576 

shown, together with the contours detected in green. As it can be observed, the morphology 577 

detected can be influenced by the flame appearing at the edge of the bowl. To avoid this, the 578 

three most affected sprays (highlighted by a yellow box) were not considered in the analysis. 579 

Besides, only a sector between the 10 and 60% of the spray total length was considered for the 580 

calculations. The two red circles represented in Figure 13 help identifying this region.  581 

 582 
Figure 13 Example of a Diesel combustion natural luminosity image used to calculate spray cone angle. The green 583 

lines represent the contours detected by the processing algorithm and used to calculate the spray angle and the red 584 
circles represent the sector of the sprays considered for angle calculation.  585 



The procedure described in the previous paragraph was applied for Diesel images, 586 

corresponding to the start of the main injection combustion event (between 3 and 5.7° aTDC). 587 

Based on 5 out of the 8 sprays, for 9 consecutive images and 3 consecutive combustion cycles, 588 

an average value of 15.25° was obtained with a standard deviation of 1.75°. For OMEX, it was 589 

not possible to follow this approach due to the absence of soot and thermal radiation. According 590 

to the data presented by Honecker et al.55, small differences could be expected between both 591 

fuels. However, it has a strong dependency on in-cylinder temperature as opposite trends 592 

between both fuels were observed when increasing temperature from 800 to 850 K in a high-593 

pressure vessel. Considering this, in addition to the standard deviation obtained for Diesel, it has 594 

been decided to use 15.25° for OMEX too. 595 


