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Abstract: For a multi-component hydrocarbon mixture under supercritical conditions, especially for fuels 8 

injected into compression ignition engines, the mechanism for the transition of the dominant mixing mode 9 

from evaporation to diffusion is not well established. In this paper, evaporation processes of a six-10 

component hydrocarbon fuel (13.16 mol% toluene, 13.81 mol% n-decane, 22.30 mol% n-dodecane, 24.60 11 

mol% n-tetradecane, 14.66 mol% n-hexadecane and 11.47 mol% n-octadecane) droplet in nitrogen 12 

environments were studied using molecular dynamics (MD) simulations, in comparison with those of 13 

three-component and single-component fuel droplets. The ambient pressure ranged from 2 MPa to 16 14 

MPa and the ambient temperature ranged from 750 K to 1350 K. Results indicated that the transition 15 

characteristics of the mixed fuel were not the linearly weighted average of the physical properties of 16 

individual components in the mixture based on their mole fractions. The reason why there is a limitation 17 

on the maximum transition temperature when diffusion dominates the fuel-ambient gas mixing process 18 

under high pressures has been discussed. The average resultant force on a fuel atom of an individual 19 

component increases with increasing pressure or decreasing temperature at the supercritical temperature, 20 

and diffusion will gradually dominate the mixing process of the fuel. The clustering behavior of fuels 21 

under supercritical conditions has also been discussed. 22 
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1. Introduction 25 

Traditional fossil fuels, for example hydrocarbons, have been widely used to power the world 26 

economy so far. However, this leads to increasing depletion of fossil energy and a large amount of 27 

greenhouse gas emissions. Therefore, improving the utilization efficiency of fossil fuels and reducing 28 

emissions have motivated many research efforts. For most power devices such as internal combustion 29 

engines (ICEs), this requires combustion of hydrocarbon fuels under high-pressure and high-temperature 30 

conditions [1-3]. As a result, the maximum ambient pressure and temperature in combustion chambers of 31 

modern engines are getting higher and higher, which tend to exceed the critical points of injected fuels [4-32 

6], especially in compression ignition engines [7, 8]. Once the ambient reaches the critical conditions, the 33 

dominant mixing mode of the fuel may transition from evaporation to diffusion [9-12], which strongly 34 

influences the subsequent combustion and formation of pollutants [13-17].  35 

Hydrocarbon fuels usually achieve mixing with the ambient gas in the form of droplet evaporation in 36 

engines [18-20]. There will be significant changes in the mixing process of droplets if it is dominated by 37 

diffusion rather than evaporation [9, 21-25]. Several comprehensive reviews have been focused on the 38 

phenomenological differences in the mixing of droplets under sub- and supercritical conditions [26-39 

29].The traditional droplet evaporation theory, CFD simulations and droplet experiments have been 40 

widely used to study the transition behavior of droplets under supercritical conditions in detail [4, 9], 41 

although these methods are unable to resolve the nanoscale liquid-gas interfaces. In recent years, 42 

molecular dynamics (MD) has been increasingly applied to the study of phase transitions of fuel droplets 43 

[4, 30-39]. MD simulations are very suitable for investigating the interfacial behaviors of droplets at 44 

atomic scales under both subcritical and supercritical conditions, thus offering a possibility for revealing 45 

the mechanisms behind mixing mode transition [30, 40]. Due to the large gap in the droplet size 46 

investigated in MD simulations and experiments, the droplet size effects have been investigated in MD 47 

simulations [4, 41, 42], although this is a continuing process. It is worth mentioning that MD simulations 48 
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of large molecule systems are computationally very expensive and require significant supercomputing 49 

resources [43]. 50 

MD simulations of the evaporation process of single-component hydrocarbon fuels under 51 

supercritical conditions have been performed in recent years [4, 30, 39, 41]. However, the simulated 52 

ambient conditions in previous studies [4, 41] are not fully consistent with those in modern engines [4, 9, 53 

39]. Moreover, the molecular interactions in fuel evaporation systems have not been investigated in detail, 54 

leaving unanswered questions about the intrinsic mechanisms at the atomic level behind the transition 55 

characteristics of fuels. Some studies [40, 44-49] were also focused on the inhomogeneity and clustering 56 

of supercritical fluids at the atomic level. However, it is not established whether the fuel cluster forms 57 

when the dominant mixing mode changes from evaporation to diffusion under supercritical conditions.                                                                                 58 

The afore-mentioned studies were focused on single-component fuels but the questions about the 59 

behaviors of real fuels which are complex mixtures of hundreds of components have not been answered 60 

[9, 50]. The mechanism for transition of multi-component hydrocarbons is not well understood due to the 61 

complexities in modeling and analysis [51], hindering the application of this technology [52]. So far, there 62 

have been very limited MD simulations of the evaporation process of two-component fuels [42, 43, 53, 63 

54]. Chakraborty et al. [34] investigated phase transitions of two-component fuel liquid films under sub- 64 

and supercritical conditions and discussed the changes in surface tension. Zhang et al. [59] studied the 65 

evaporation process of a two-component n-alkane fuel film and focused on the non-VLE effects under 66 

supercritical conditions. However, physical performances of surrogate fuels with multi-components (>2) 67 

are more consistent with those of the actual fuel than single-component surrogates [55].Therefore, the 68 

construction of more sophisticated surrogate models is essential to matching the chemical properties of 69 

real fuels further [56]. Gong et al. [9] investigated the phase transition processes of three-component 70 

hydrocarbon fuel droplets in sub- and supercritical nitrogen environments, in comparison with those of 71 

single-component n-hexadecane droplets. Based on the quantitative Voronoi tessellation, a new criterion 72 
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[9], which was a combination of two dimensionless critical values of Hc = 0.85 and Wc = 0.35, was 73 

proposed to determine the transition of the dominant mixing mode from evaporation to diffusion. However, 74 

the molecular interactions between fuel components in multi-component fuels have not been investigated 75 

in detail. 76 

As mentioned in [55], it is necessary to adopt a surrogate fuel with multi-components to represent 77 

the real mixed fuel to investigate transition behaviors under supercritical conditions. In this paper, the 78 

evaporation processes of a six-component fuel droplet under sub- and supercritical conditions were 79 

investigated using MD simulations, in contrast to those of a three-component droplet and a single-80 

component droplet reported in previous work [9]. This six-component fuel is composed of toluene (13.16 81 

mol%), n-decane (13.81 mol%), n-dodecane (22.30 mol%), n-tetradecane (24.60 mol%), n-hexadecane 82 

(14.66 mol%) and n-octadecane (11.47 mol%). The objective of this paper is to obtain atomic-level 83 

insights into the mechanism for transition of multi-component hydrocarbons using MD simulations. The 84 

dominant mixing mode regimes on the P-T diagram for three types of fuel droplets were presented. Effects 85 

of ambient conditions and fuel component types on the interactions between the fuel molecules and the 86 

nitrogen molecules were studied. Atomic-level insights into the mechanism of the dominant mixing mode 87 

transition of multi-component hydrocarbon fuels were provided. The cluster phenomenon in the 88 

evaporation system was discussed at an atomic level. 89 

2.  Research methods  90 

2.1 . Interatomic potentials 91 

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was used to carry out 92 

all the MD simulations in this paper [4]. In MD simulations, the determination of intermolecular 93 

interaction forces is based on the potential model [53]. The United Atom Model (UAM) has been chosen 94 

to simulate the evaporation of complex alkanes here due to its good balance between computational 95 
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efficiency and precision [9]. In this model, different pseudo-atoms are used to represent different atom 96 

groups [57]. The simplified alkane molecule consists of several associated atoms, as shown in Fig. 1. 97 

 98 

Fig. 1. The schematic diagram of the United Atom Model: (a) Toluene, (b) n-Dodecane and (c) All fuel 99 

models used in the six-component fuel droplet. 100 

Following the work of Gong et al. [9], the Transferable Potentials for Phase Equilibria United Atom 101 

(TraPPE-UA) Model [58] were used to describe the interactions of fuel molecules. The non-bonded 102 

interaction between pseudo-atoms that are separated by more than three bonds or belong to two different 103 

molecules is described by the 12-6 Lennard-Jones potential:  104 

𝑈𝑈𝐿𝐿𝐿𝐿�𝑟𝑟𝑖𝑖𝑖𝑖� = 4𝜀𝜀𝑖𝑖𝑖𝑖 ��
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�
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�    (1) 105 

where 𝜎𝜎𝑖𝑖𝑖𝑖  is the size parameter, 𝜀𝜀𝑖𝑖𝑖𝑖  is the energy parameter, and 𝑟𝑟𝑖𝑖𝑖𝑖  is the distance between the two 106 

interacting pseudo-atoms. The LJ parameters for identical pseudo-atoms are listed in Table 1 [58], where  107 

𝑘𝑘𝐵𝐵 is the Boltzmann constant. The LJ parameters for all unlike atoms are determined by the standard 108 

Lorentz-Berthelot combining rules [4], 𝜀𝜀𝑖𝑖𝑖𝑖 = �𝜀𝜀𝑖𝑖𝑖𝑖 ∙ 𝜀𝜀𝑗𝑗𝑗𝑗 and σ𝑖𝑖𝑖𝑖 = (𝜎𝜎𝑖𝑖𝑖𝑖 + 𝜎𝜎𝑗𝑗𝑗𝑗)/2. 109 

Table 1. Lennard-Jones parameters of the TraPPE-UA force field. 110 

pseudo-atom ε/kB  [K] σ [Å] 
CH3(sp3) 98 3.75 
CH2(sp3) 46 3.95 
CH(sp2) 47 3.73 
C(sp2) 20 3.85 

 111 
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The bond-stretching, bond bending and bond torsion parameters for alkanes have been shown in detail 112 

in authors’ previous work [9] and are not listed here again. Aromatic molecules are treated as rigid bodies 113 

[58]. Each nitrogen molecule is regarded as two atoms connected by a fixed bond length 114 

according to the SHAKE algorithm [59]. The model parameters used for nitrogen molecules 115 

have been listed in [9]. 116 

2.2. Model verification 117 

In this paper, the evaporation processes of a six-component fuel droplet under sub- and supercritical 118 

conditions were investigated using MD simulations, in comparison with those of a three-component 119 

droplet and a single-component droplet reported in previous work [9]. With reference to the six-120 

component alternative fuel model proposed by Youngchul et al. [60] (toluene (15 mol%), n-decane (14 121 

mol%), n-dodecane (22 mol%), n-tetradecane (24 mol%), n-hexadecane (14 mol%) and n-octadecane (11 122 

mol%)), an initial fuel droplet was used to simulate the thermal equilibrium state at 363 K of it at first. 123 

After the equilibrium, a new six-component fuel droplet model was obtained. This six-component fuel is 124 

composed of toluene (13.16 mol%), n-decane (13.81 mol%), n-dodecane (22.30 mol%), n-tetradecane 125 

(24.60 mol%), n-hexadecane (14.66 mol%) and n-octadecane (11.47 mol%). This alternative fuel is almost 126 

the same as the six-component alternative fuel proposed by Youngchul et al. [60]. According to the 127 

research of Youngchul et al. [60], their proposed six-component alternative fuel has a very similar 128 

distillation curve with the reference diesel Fuel A [61]. The distillation curves of the six-component 129 

alternative fuel proposed by Youngchul et al. [60] and Fuel A [61] are shown in Figure 2. The distillation 130 

curve of the six-component alternative fuel used in MD simulations is also shown.  As seen from Figure 131 

2, the simulation results from CFD [60] have a larger error than the MD results, compared with the 132 

experimental values [61], at the beginning of distillation. In the intermediate stage of distillation, the 133 

simulation results of CFD and MD are both in good agreement with the experimental values. Near the end 134 

of the distillation process, the results obtained by MD simulations have larger errors than those of the CFD 135 
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simulations. This is because when the distillation is coming to its end, the droplet size in the MD 136 

simulation is already very small, and the error becomes larger. However, even the largest error in MD 137 

simulations is acceptable (about 7% at 570 K). In summary, the distillation curve of the six-component 138 

alternative fuel used in this paper agrees well with that of the reference diesel Fuel A. This verifies the 139 

accuracy of the six-component surrogate fuel model for real diesel and LJ force field parameters used in 140 

this paper, both of which can be used for the following simulation of multi-component fuel droplets.  141 

 142 

Fig. 2. Comparison of distillation curves of the diesel obtained by three different methods. 143 

Redrawn CFD data are based on [60]. The experimental data are from [61]. 144 

2.3. Properties of fuels 145 

The critical point of the fuel plays an important role in the transition characteristics under 146 

supercritical conditions. In this paper, a theoretical method [62, 63] was adopted to estimate the critical 147 

point of the six-component alternative fuel. The estimation equation of the critical temperature of a simple 148 

mixture was given by Li et al. [62], and the estimation equation of critical pressure of a mixture was 149 

proposed by Kreglewski et al. [63], which are shown in detail in the authors’ previous work [9]. The 150 
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estimated critical properties (including critical temperature Tc and critical pressure Pc) of the six-151 

component alternative fuel, as well as those of its individual components, are shown in Table 2.  152 

Table 2. Critical points of the fuel. 153 

 𝑇𝑇𝑐𝑐 [K] 𝑃𝑃𝑐𝑐 [MPa] 

toluene 593 4.1 

n-decane 

n-dodecane 

618 

658 

2.11 

1.81 

n-tetradecane 

n-hexadecane 

693 

722 

1.6 

1.4 

n-octadecane 

six-component fuel 

747 

686 

1.3 

2.45 

 154 

2.4. Simulation configurations 155 

The initial configuration of the droplet evaporation system is shown in Fig. 3. A single suspended fuel 156 

droplet is located in the center of a cubic box and surrounded by a nitrogen ambient. Before the simulations 157 

of evaporation of droplets in nitrogen, the fuel droplet and the nitrogen ambient were simulated separately 158 

using the canonical ensemble (NVT, which means constant atom number N, constant volume V, and 159 

constant temperature T) [41]. When both the fuel and the ambient gas respectively reached their own 160 

thermodynamic equilibrium state, the two were combined together. It is worth noting that the nitrogen 161 

molecules in the center region of the simulation box were deleted to avoid the overlap of molecules [4]. 162 

The initial temperature of the fuel was set to 363 K, close to that of the fuel in real engines before injection. 163 

The size of the simulation box was 120 nm × 120 nm × 120 nm, and periodic boundary conditions 164 

were used in all three dimensions. The simulations were performed using the micro-canonical ensemble 165 

(NVE, which means constant atom number N, constant volume V, and constant energy E) [30]. The region 166 

outside of the sphere with a radius of 40 nm was named “thermostat region”, in which velocities of the 167 
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molecules were rescaled every time step using a speed reset method [30]. The translational velocities of 168 

the molecules located in this region were rescaled every time step according to  169 

 𝑉𝑉𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑉𝑉𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜(3𝑇𝑇𝑁𝑁𝑡𝑡𝑘𝑘𝐵𝐵
2𝐸𝐸𝑘𝑘

)0.5                                                                                                                         (2) 170 

where Ek indicates the total kinetic energy of the Nt atoms in the thermostat region, and T indicates the 171 

target ambient temperature. The calculations of temperature in MD simulations are based on the average 172 

kinetic energy of molecules [53]: 173 

 3
2
𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇 = ∑ 1

2
𝑚𝑚𝑖𝑖𝑣𝑣𝑖𝑖2𝑁𝑁

𝑖𝑖=1                                                                                                                         (3) 174 

where N is the number of atoms in the target atom group, mi and vi are respectively the mass and velocity 175 

of i-th atom. As a consequence, the temperature of this region could be kept at a constant target value. The 176 

initial ambient pressure was determined by a combination of the initial ambient temperature and the initial 177 

number of nitrogen molecules in the simulation box in NVT simulations. However, the ambient pressure 178 

was determined by choosing a suitable initial number of nitrogen molecules in the system in NVE 179 

simulations [30]. The number ranges of nitrogen molecules are shown in Table 3. A fuel molecule will be 180 

removed when it gets to the thermostat region to simulate the evaporation of the droplet taking place in 181 

an infinite space [4]. It is worth mentioning that the droplet accounts for far less than 1% of the volume 182 

of the simulation box, so the fluctuations of ambient pressure could be negligible. 183 
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 184 

Fig. 3. Initial configurations of the six-component fuel droplet. Blue particles indicate toluene 185 

molecules, yellow particles n-decane molecules, purple particles n-dodecane molecules, green particles 186 

n-tetradecane molecules, dark blue particles n-hexadecane molecules and grey particles n-octadecane 187 

molecules. Nitrogen molecules surround the droplet, which are not shown here. 188 

Initially, the six-component droplet contained 18,150 fuel molecules, forming an initial diameter of 189 

24.3 nm. Other details are summarized in Table 3. Considering both potential subcritical and supercritical 190 

conditions occurred in real diesel engines [30, 53], the target ambient temperature and the target ambient 191 

pressure of simulations for the six-component fuel droplets were in the range of 750-1350 K and 2-16 192 

MPa, respectively. Taking into account the operating conditions before fuel injection [30], the maximum 193 

ambient temperature (1350 K) and the maximum ambient pressure (16 MPa) were chosen in this 194 

research. The minimum ambient temperature (750 K) and the minimum ambient pressure (2 MPa) were 195 

selected here to simulate the traditional droplet evaporation behavior. Compared with the authors’ 196 

previous work [9], the investigated ambient conditions of the three-component and the single-component 197 

fuel droplets were applied to that of the six-component fuel droplets for further investigating multi-198 

component effects in transition behaviors of fuels. The reduced ambient temperature Tr and the reduced 199 
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ambient pressure Pr are both calculated by dividing ambient values by critical values of the fuel. The 200 

integral of the equation of motion was carried out by the velocity-Verlet algorithm [64]. The time step is 201 

2.0 femtosecond in all cases. The total time steps for a certain case differed with the droplet evaporation 202 

lifetime. 203 

Table 3. Simulation details of six-component fuel droplets. 204 

Physical parameters Value 

Initial number of fuel molecules in the droplet  

2389 (toluene, 13.16 mol%) 
2507 (n-decane, 13.81 mol%) 
4047 (n-dodecane, 22.30 mol%) 
4464 (n-tetradecane, 24.60 mol%) 
2661 (n-hexadecane, 14.66 mol%) 
2082 (n-octadecane, 11.47 mol%) 

Initial droplet diameter, nm 24.3 

Initial droplet temperature, K 363  

Initial number of nitrogen molecules 206436 - 2606935 

Ambient pressure, MPa 2-16 

Ambient temperature, K 750-1350 

 205 

A similar initial configuration for multi-component droplet MD model has been carefully verified in 206 

previous work [9].   207 

3. Results and discussion 208 

3.1. Dominant mixing mode maps for several hydrocarbon fuels 209 

Based on the criteria of the quantitative Voronoi tessellation proposed in the authors’ previous work 210 

[9], the dominant mixed mode maps of 6-component droplets, 3-component droplets and single-211 

component droplets were obtained in this study, as shown in Fig. 4a and b. The maps of the three-212 
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component droplet and the single-component droplet were extended on the basis of the original work [9] 213 

(this paper extended the ambient pressure to more than 10 MPa and extended the ambient temperature to 214 

1350 K, respectively) to compare with that of 6-component droplets. In addition, the transition processes 215 

of n-hexadecane and n-dodecane in several fuels have also been investigated emphatically and compared, 216 

as shown in Figs. 4c and d. 217 

         218 

 219 
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 220 

 221 

Fig. 4. The dominant mixing mode maps: (a) Six-component fuel droplets, (b) Six-component fuel 222 

droplets, three-component fuel droplets and single-component fuel droplets, (c) n-Hexadecane in three 223 

fuel droplets and (d) n-Dodecane in two fuel droplets. 224 

As shown in Figure 4a, within the ambient conditions studied in this paper, the minimum pressure at 225 

which the transition of dominant mixing modes for the 6-component droplet occurs is 10 MPa. Below this 226 

pressure, no transition occurs in the temperature range investigated here. The maximum temperature at 227 
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which the fuel can transition (namely the maximum transition temperature at certain pressure) increases 228 

with increasing ambient pressure, which is consistent with the previous conclusions of single-component 229 

droplets [9]. More details on the mechanism for transition of dominant mixing modes of the single-230 

component fuel have been discussed in the authors’ previous work [9]. It is worth mentioning that the 231 

transition profiles are not similar to those proposed by Poursadegh et al. [7, 8]. In their research [7, 8], 232 

following Dahms et al. [5, 13, 65], equation of state and linear gradient theory [66] were applied to 233 

investigate the spray regime diagram. The dominant mixing mode maps obtained here are based on the 234 

quantitative Voronoi tessellation analysis [9]. This method is suitable for resolving the local distribution 235 

of molecule systems at an atomic level and widely used for supercritical fluids [40, 45], which is very 236 

different from the theoretical model adopted by Poursadegh et al. [7, 8] that focuses on the macroscopic 237 

physics and analysis of thermodynamic states of fluids. What needs to be emphasized is that the transition 238 

criteria in the fuel-ambient gas mixing system under supercritical conditions have not been unified, which 239 

motivates many research efforts [9, 13, 53, 67]. As reported [7, 8, 13, 68], the surface tension, an 240 

unbalanced internal molecular interaction, a crucial parameter in the definition of spray regimes, decreases 241 

with increasing ambient pressure or temperature. This finding is consistent with the profiles of internal 242 

molecular interactions obtained in this research, which will be discussed in Section 3.3.1. Figure 4b shows 243 

the comparison of maps for 6-component, 3-component and single-component droplets when the pressure 244 

exceeds 12 MPa. As can be seen from Fig. 4b, at the same pressure, the maximum transition temperature 245 

of the 6-component droplet is the smallest among those of the three fuels. In other words, under the same 246 

temperature, the minimum pressure at which 6-component droplets can transition (namely minimum 247 

transition pressure at certain temperature) is the highest among the three fuels. At the same temperature, 248 

the minimum transition pressure of the 3-component droplet is slightly higher than that of the single-249 

component droplet, which is consistent with previous research conclusions [9]. As for the relative 250 

molecular mass, for the 6-component, 3-component and single-component fuel studied in this paper, it is 251 
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180.95, 206.03 and 226.44, respectively. As shown in Table 3, for an individual fuel component, the lower 252 

the relative molecular mass is, the higher the critical pressure will be and the lower the critical temperature 253 

will be. For a mixed fuel, when the relative molecular mass of it gets lower, the minimum transition 254 

pressure at certain temperature will increase and the maximum transition temperature at certain pressure 255 

will decrease, as shown in Fig. 4b. 256 

However, this study has proved that the transition characteristics of the mixed fuel are strongly 257 

related to the interactive forces between the atoms in the fuel. And the intermolecular force of the mixed 258 

fuel is not the weighted average of that of the individual fuel components. Therefore, the transition 259 

characteristics of the mixed fuel would not be the linearly weighted averages of the physical properties of 260 

individual components in the mixture based on their mole fractions. These will be analyzed in detail below. 261 

This provides intrinsic mechanisms at the atomic level for the published experimental research [69] in 262 

which only phenomenological results could be obtained. Figure 4c shows the dominant mixing mode map 263 

of n-hexadecane in the three fuels. It can be seen that for the same component, because different fuels 264 

have different intermolecular forces, even under the same ambient conditions, the dominant mixing modes 265 

of n-hexadecane in different fuels are different. Similar to Figure 4b, at the same ambient temperature, the 266 

minimum transition pressure of n-hexadecane in the 6-component droplet is the highest, followed by that 267 

of n-hexadecane in the 3-component droplet. The minimum transition pressure of n-hexadecane droplets 268 

is close to that of 3-component droplets, but overall it is the smallest among the three fuels. Figure 4d 269 

shows the dominant mixing mode map of n-dodecane in the three fuels. The situation of n-dodecane is 270 

similar to that of n-hexadecane. At the same ambient temperature, the minimum transition pressure of n-271 

dodecane in the 6-component droplet is higher than that of the n-dodecane in the 3-component droplet. 272 

This indicates that the transition of a certain component in the mixed fuel will be affected by other 273 

components. The following conclusion can be drawn from Figs. 4c and d. For a certain pure component 274 
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in the mixed fuel, the minimum transition pressure of it at certain temperature will increase with the 275 

decreasing relative molecular mass of the mixed fuel. 276 

3.2 Mixing characteristics of multi-component droplets in different dominant mixing modes  277 

The definitions of droplets are from [4]. The boundary of the droplet is defined as the contour surface 278 

where the density is equal to the average of the maximum density and the minimum density of the 279 

evaporation system. The diameter of the droplet is defined as that of a sphere of the same volume as the 280 

droplet. Figure 5 shows profiles of the dimensionless square diameter (d/d0)2 of the droplet with time 281 

normalized by d02. The method of least squares linear fitting is used to fit the data points located in the 282 

range of 0.862 d02 to 0.215 d02 (corresponding to the initial droplet volume of 80% to 10%), and the slope 283 

of the fitting straight line is defined as the evaporation rate constant k. The time corresponding to the 284 

intersection point of the fitting line and the straight linear d2 = d02 or the straight linear d2 = 0 is defined 285 

as the initial heat-up time th and the droplet evaporation lifetime tL , respectively, as shown in Fig. 5. In 286 

the evaporation process, the droplet has a volume expansion at the initial stage due to the thermal 287 

expansion and the adsorption and dissolution of nitrogen molecules on the droplet [9], causing a slow 288 

evaporation and a minus evaporation rate. After the droplet volume reaching its maximum, the evaporation 289 

experiences a short transition period and the evaporation rate gradually increases with time. After that, the 290 

droplet evaporates following the classic “D2” law [4], during which the evaporate rate calculated based 291 

on the square diameter remains constant until the droplet vanishes.  292 
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 293 

Fig. 5. The temporal variation of the dimensionless square diameter (d/d0)2 of the six-component droplet. 294 

Figure 6 shows the evaporation histories of the molecular number and molar fraction of droplets of 295 

six-component droplets in different dominant mixing modes. According to the classification of Fig. 4a, 296 

Figure 6a shows the situation of evaporation-dominated mixing. As seen from Figure 6a, the evaporation 297 

rates of different fuel components are different. In the first 0.4 ns of evaporation, the number of toluene 298 

molecules in the droplet is reduced by about 900, while that of n-octadecane molecules is only reduced 299 

by about 400. In addition, during the evaporation of the droplet, a lot of nitrogen molecules dissolve into 300 

the fuel droplets, and the number of them reaches a peak of about 1600 at about 0.45 ns. As shown in 301 

Figure 6b, before the end of evaporation, the molar fraction of light components such as toluene and n-302 

decane in the droplets gradually decreases with time, the mole fraction of n-tetradecane remains basically 303 

unchanged, while the molar fraction of heavy components such as octadecane gradually increases. The 304 

molar fraction of the nitrogen molecules in the droplets gradually rises with time, and has a sharp increase 305 

near the end of the evaporation. Figure 6c shows the situation of diffusion-dominated mixing. When the 306 

pressure increases from 6 MPa to 16 MPa, the difference in evaporation rate of different fuel components 307 

is greatly reduced during the mixing process. In the first 0.4 ns of mixing, the number of toluene molecules 308 

in the droplet decreases by about 1000, and the number of n-octadecane molecules decreases by 700. In 309 
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addition, due to the rapid disappearance of the droplet interface, nitrogen molecules dramatically dissolve 310 

into the fuel droplets, and their number reaches a peak of about 4000 at 0.4 ns. As shown in Figure 6d, 311 

before the end of mixing, the molar fraction of all fuel components in the droplets gradually decreases 312 

with time, while the mole fraction of nitrogen molecules in the droplets rises rapidly with time. At the end 313 

of the evaporation, the molar fraction of nitrogen molecules has exceeded 50%. The evaporation rate of 314 

individual components increases with increasing temperature from 900 K to 1200 K at a pressure of 16 315 

MPa, as shown in Figure 6e. Within the first 0.4 ns of mixing, the number of toluene molecules in the 316 

droplet decreases by about 1500, and that of n-octadecane molecules decreases by 1100. Moreover, the 317 

number of nitrogen molecules in the droplet reaches a peak of about 2400 around 0.2 ns, which drops to 318 

60% of the peak number of nitrogen molecules under low temperature conditions (16 MPa and 900 K). 319 

This is the reason why there is a limitation on the maximum transition temperature when diffusion 320 

dominates the fuel-ambient gas mixing process. When the pressure is not lower than the minimum 321 

transition pressure and the temperature is at critical one, once the increasing temperature exceeds the 322 

maximum transition temperature at this pressure, the dominant mixing mode will change from diffusion 323 

to evaporation. The diffusion-dominated mixing process is accompanied by a massive dissolution of 324 

nitrogen in the droplets. When the “nitrogen + hydrocarbon fuel” binary system is at a supercritical 325 

temperature (relative to the fuel), the dominant mixing mode transition will occur if the ambient pressure 326 

is not lower than the minimum transition pressure and the ambient temperature is not higher than the 327 

maximum transition temperature.  328 



 19 / 50 
 

 329 

 330 

 331 
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Fig. 6. Comparisons of evaporation histories of six-component droplets in different dominant mixing 332 

modes: (a) Molecule number (6 MPa and 900 K), (b) Molar fraction (6 MPa and 900 K), (c) Molecule 333 

number (16 MPa and 900 K), (d) Molar fraction (16 MPa and 900 K), (e) Molecule number (16 MPa 334 

and 1200 K) and (f) Molar fraction (16 MPa and 1200 K). 335 

Figure 7 shows the density distribution of fuel and nitrogen in the six-component droplet system 336 

under different dominant mixing modes. As shown in Figure 7a, when evaporation dominates the mixing 337 

(6 MPa and 900 K), the average density of the fuel decreases from 3.75 mol/L to 1.75 mol/L at initial 1 338 

ns of evaporation. Meanwhile, a large density gradient is always maintained near the droplet vapor-liquid 339 

interface. However, when diffusion dominates the mixing (16 MPa and 900 K), the average density of the 340 

fuel dramatically falls from 3.75 mol/L to less than 1 mol/L due to the dramatic dissolution of nitrogen in 341 

the droplets at initial 1 ns of mixing, as shown in Figure 7b. The density gradient of the fuel near the 342 

droplet vapor-liquid interface decreases, and the density curve becomes smoother. It is worth noting that 343 

no matter what dominant mixing modes, at the initial stage of evaporation (t = 0.2 ns), nitrogen molecules 344 

are enriched on the surface of the droplets. A similar phenomenon occurring in other systems has also 345 

been observed recently [54, 70]. This is because the attraction of the droplet to the nitrogen molecules 346 

near the adjacent interface is much greater than that of the nitrogen molecules to themselves, so the 347 

nitrogen molecules are attracted to the surface of the droplet. As the fuel-ambient gas mixing progresses, 348 

this enrichment phenomenon gradually disappears. It can be seen from the nitrogen density curves in Figs. 349 

7a-b that the enrichment phenomenon is more obvious at low pressures. Under the ambient condition of 350 

6 MPa and 900 K, the proportion of nitrogen peak density exceeding the bulk density of nitrogen is 21.4% 351 

(1.117−0.92
0.92

= 0.214) at t = 0.2 ns. However, under the ambient condition of 16 MPa and 900 K, that one 352 

falls to 13.3% (2.657−2.345
2.345

= 0.133) at t = 0.2 ns. This is because as the number density of nitrogen 353 

molecules increases at high pressure, the attraction of bulk nitrogen to nitrogen molecules adjacent to the 354 

droplet interface increases. As a result, fewer nitrogen molecules are adsorbed on the droplet surface. As 355 
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previously reported [9], the accumulation of nitrogen molecules on the droplet surface at the initial stage 356 

of evaporation is also an important reason for the initial volume expansion of the droplet.  357 

 358 

Fig. 7. Density profiles of six-component droplets in different dominant mixing modes: (a) Evaporation 359 

and (b) Diffusion. 360 

Figure 8 shows the temperature history of droplets in different dominant mixing modes. The initial 361 

temperature of the liquid fuel is 363 K. At the initial stage of droplet evaporation, the temperature near 362 

the droplet interface differs greatly from that in the far-field. The droplet absorbs heat from the ambient 363 

during the evaporation process, and the temperature near the interface decreases. With heat transfer, the 364 

temperature difference between the fuel and the ambient gas decreases, and the temperature varies more 365 

smoothly along the radial direction of the droplet. In the evaporation mode (6 MPa@900 K), the droplet 366 

boundary is sharp, and the temperature profile falls sharply near the droplet interface (the instantaneous 367 

droplet radii have been indicated in Figure 8). In the diffusion mode (16 MPa@900 K), however, the 368 

phase boundary of the droplet gradually disappears with time. Consequently, compared with the case of 369 

evaporation, the temperature profile varies more smoothly along the radial direction at the same time and 370 

has not an apparent turning point. 371 
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 372 

Fig. 8. Temperature histories of six-component droplets in different dominant mixing modes. The dotted 373 

line indicates the radius of the fuel droplet at a certain moment. 374 

Figure 9 shows temporal variations of the average energy per fuel atom of the six-component droplet 375 

in evaporation mode (6 MPa and 900 K). Figure 10 shows the temporal variations of ratio (C18/C10) of 376 

average energy per fuel atom of a typical heavy component n-octadecane to a typical light component n-377 

decane when six-component droplets are in different dominant mixing modes. When evaporation 378 

dominates the mixing process, the lower the relative molecular mass of a fuel component, the greater the 379 

average kinetic energy of each atom at the same time, as shown in Figures 9 and 10. As for the potential 380 

energy, at the beginning of evaporation, because the relative molecular mass of the long-chain molecule 381 

is larger and the structure of it is more complex, the potential energy inside the molecule is larger. As a 382 

result, the average potential energy per fuel atom is larger, as shown in Figure 9. Since evaporation 383 

dominates the fuel-ambient gas mixing process, the short-chain light components evaporate first, causing 384 

the distance between molecules increasing. Although the light components that evaporate first have more 385 

nitrogen molecules around than heavy components at a certain moment, the pressure at this time is lower 386 

(6 MPa). Under this circumstance, the number density of nitrogen molecules is lower, and the potential 387 
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energy per fuel atom of the light component is dominated by the pair potential between fuel molecules. 388 

Therefore, the average potential energy per atom of short-chain light components increases, temporarily 389 

surpassing that of the long-chain heavy molecules. However, the average potential energy per atom of 390 

them gets lower than that of heavy molecules once again at t = 1.0 ns, as can be seen from Figure 10. 391 

Under the condition of 16 MPa and 900 K, diffusion dominates the fuel-ambient gas mixing process and 392 

the difference of kinetic energy among fuel components decreases at a certain moment, as shown in Figure 393 

10. Meanwhile, the average potential energy per atom of n-octadecane is greater than that of n-decane at 394 

almost the whole mixing time, proving that the light and heavy components start mixing almost at the 395 

same time, different from the sequential evaporation in the evaporation mode. 396 

 397 

Fig. 9. Temporal variations of average energy per fuel atom of the six-component droplet. 398 
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  399 

Fig. 10. Temporal variations of ratio of average energy per fuel atom (C18/C10) of the six-component 400 

droplet. 401 

3.3 Transition mechanism for the dominant mixing mode of multi-component fuel droplets 402 

3.3.1 Atomic-level insights into the interactive force and energy transfer of the fuel droplet system 403 

The symbol Fpfa denotes the average resultant force on each atom of an individual component in 404 

mixed fuel droplets by all the other atoms in the system in this paper. Figures 11-12 respectively show the 405 

profiles of Fpfa in the 6-component droplet system and the 3-component droplet system. It can be seen 406 

from Figure 11a-b that in the 6-component droplets studied in this paper, under the same environmental 407 

conditions, Fpfa decreases first and then increases with the increasing number of C atoms contained in fuel 408 

molecules. As shown in Figure 11a, when the temperature increases at an ambient pressure of 6 MPa, Fpfa 409 

decreases at the same time (for the light components toluene and n-decane, Fpfa of them increases slightly 410 

in the later period of evaporation process). However, when the pressure increases at an ambient 411 

temperature of 1200 K, Fpfa increases at the same time. As shown in Figure 12a-b, in the three-component 412 
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droplets studied in this paper, under the same environmental conditions, Fpfa gradually decreases with the 413 

increasing number of C atoms contained in fuel molecules. As shown in Figure 12a, when the temperature 414 

increases under an ambient pressure of 6 MPa, Fpfa decreases at the same time on the whole (for the light 415 

component isooctane, Fpfa increases slightly at the end of its evaporation process). Similarly, as shown in 416 

Figure 12b, when the pressure increases at an ambient temperature of 1200 K, Fpfa increases at the same 417 

time on the whole. In addition, as shown in Figures 11 and 12, for a certain pure component, Fpfa is 418 

different in different mixed systems, resulting in its different transition points. In other words, the 419 

composition of the mixed system has an important influence on the transition behaviors of each pure 420 

component, as shown in Figure 4c-d. For the same mixed fuel evaporation system (the same mixed fuel 421 

and the same ambient gas) at the supercritical temperature, Fpfa increases with increasing pressure at 422 

constant temperature. As a result, diffusion will gradually dominate the mixing process of the component. 423 

However, Fpfa decreases with increasing temperature at constant pressure. Consequently, evaporation will 424 

gradually dominate the mixing process of the component. These findings provide atomic-level insights 425 

into the phenomena reported previously [9]. 426 

 427 
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 428 

Fig. 11. Average resultant force on each atom of every component in six-component fuel droplets by all 429 

the other atoms in the system: (a) 6 MPa and (b) 1200 K. 430 

 431 
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 432 

Fig. 12. Average resultant force on each atom of every component in three-component fuel droplets by 433 

all the other atoms in the system: (a) 6 MPa and (b) 1200 K. 434 

The profiles of Fpfa has been discussed above. The physical mechanisms behind will be explained 435 

further. There is no doubt that the external force on a certain fuel component derives from the ambient 436 

nitrogen molecules and all the other fuel components in the droplet. The symbol Fnpfa denotes the average 437 

resultant force on each fuel atom by nitrogen molecules in the system and the symbol Ffpn denotes the 438 

average resultant force on each atom of nitrogen molecules by fuel molecules in this paper. It is worth 439 

noting that all fuel components are now considered as a whole, rather than distinguishing individual 440 

components. Figures 13-14 show the curves of Fnpfa and Ffpn, respectively. As shown in Figure 13, no 441 

matter what kind of fuel, when the ambient pressure remains constant and the ambient temperature 442 

increases, Fnpfa will increase at the same time. Similarly, Fnpfa will also increase with increasing pressure 443 

at constant temperature. As shown in Figure 14, when the ambient pressure or temperature increases, Ffpn 444 

will increase at the same time. The consistency of the profile tendencies of Figures 13 and 14 is the 445 

inevitable result of Newton's third law. Moreover, Ffpn in the single-component droplet system is the 446 
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largest among that of three fuel droplet systems under the same environmental conditions at the same time, 447 

which relies on the number and type of fuel atoms that nitrogen interacts with at a certain moment. 448 

 449 

 450 
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 451 

Fig. 13. Average resultant force on each atom of fuel droplets by nitrogen molecules: (a) Six-component 452 

droplet, (b) Three-component droplet, and (c) Single-component droplet. 453 

 454 

Fig. 14. Average resultant force on each atom of nitrogen molecules by fuel molecules. 455 
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The interaction between nitrogen molecules and fuel molecules can also be discussed from the 456 

perspective of molecular energy of the mixed fuel. Figure 15 shows the average energy per fuel atom of 457 

six-component fuel droplets under different ambient conditions. The per-atom translational kinetic energy 458 

or potential energy for fuel atoms increases with increasing ambient temperature at a certain moment, as 459 

shown in Figure 15a. A special attention should be paid here. The 12-6 Lennard-Jones pair potential 460 

energy between atoms here is always negative, which is only a part of the overall potential energy of fuel 461 

atoms. In fact, the overall potential energy of fuel atoms is positive, as shown in Figure 15. The fuel-462 

ambient gas mixing accelerates with increasing temperature, and the pair potential energies of fuel 463 

molecules increases in value with increasing intermolecular distances at the same time, causing the 464 

increasing overall potential energy. When the temperature remains constant and the pressure increases, 465 

the per-atom translational kinetic energy for fuel atoms increases due to the increasing number density of 466 

nitrogen molecules with the average translational kinetic energy of nitrogen molecules remaining constant, 467 

as shown in Figure 15b. The whole interaction between nitrogen molecules and fuel molecules strengthens 468 

at a certain moment, and the energy transfer rate between them increases, which is consistent with Figure 469 

14. The per-atom potential energy for fuel atoms also increases with increasing pressure, as shown in 470 

Figure 15b. At higher pressure, more nitrogen molecules diffuse into the droplet within the same time, as 471 

shown in Figure 6. The number of nitrogen molecules around each fuel atom increases (See more details 472 

in Fig. 17), and that part of fuel per-atom pair potential energy deriving from the interactions with nitrogen 473 

atoms rapidly decreases in value (See more details in Fig. 19). Although the mean square displacement 474 

(MSD) of each component decreases (See more details in Fig. 16), the pair potential energy between fuel 475 

molecules increases in value at a certain time, which will be discussed in detail later (Fig. 19). Due to the 476 

change of pair potential energy between fuel molecules exceeding that between fuel molecules and 477 

nitrogen molecules, the pair potential energy of fuel atoms increases in value, resulting in the increasing 478 

potential energy for fuel atoms. The per-atom translational kinetic energy for fuel atoms also increases 479 
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with time due to the increasing fuel temperature. Meanwhile, the per-atom potential energy for fuel atoms 480 

increases due to the increasing intermolecular distance with time.  481 

 482 

 483 

Fig. 15. Average energy per fuel atom of six-component fuel droplets: (a) 6 MP and (b) 1200 K. 484 

Figure 16 shows the MSD of the methyl group (CH3) of n-hexadecane in 6-component droplets under 485 

different environmental conditions. When the ambient pressure remains constant and the ambient 486 

temperature decreases, as the average translational kinetic energy of nitrogen molecules decreases and the 487 
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number density of them increases, the diffusion of fuel molecules into the ambient gas becomes slower. 488 

When the ambient temperature remains unchanged and the ambient pressure increases, the average 489 

translational kinetic energy of nitrogen molecules remains unchanged, but the number density of them 490 

increases, and the diffusion of fuel molecules into the ambient gas also slows down. It should be noted 491 

that the discussion here is focused on the movement of fuel molecules. The fuel-ambient gas mixing is 492 

also related to the diffusion of nitrogen molecules into fuel droplets, which has been discussed before. 493 

 494 

Fig. 16. MSD of CH3 of n-hexadecane in six-component fuel droplets. 495 

Figure 17 shows the coordination number curve of the methyl and nitrogen molecules (CH3-N2) of 496 

toluene molecules, n-dodecane molecules and n-hexadecane molecules in a six-component fuel droplet at 497 

a certain time (t = 1.2 ns) during the mixing process. The methyl group is the central atom and the nitrogen 498 

molecules are distributed around it. As shown in Figure 17, the number of nitrogen molecules around the 499 

methyl group of the fuel molecule increases with increasing pressure or decreasing temperature. The 500 

coordination profile is not only related to the evaporation rate of the droplets, but also to the number 501 

density and average translational kinetic energy of the nitrogen molecules. At a certain radial distance, to 502 

a certain extent, the fuel-ambient gas mixing becomes more complete with higher coordination number of 503 
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CH3-N2. In addition, as shown in Figure 6, the time chosen in this figure (t = 1.2 ns) is near the end of the 504 

evaporation process, which means the mixing has been fully developed. Figure 17 shows that for the 505 

coordination number of CH3-N2 at a certain moment, n-hexadecane > n-dodecane > toluene. The 506 

conclusion could be drawn that in the case of fully developed mixing, there are more nitrogen molecules 507 

around the methyl groups of the long-chain molecules. 508 

 509 

Fig. 17. Coordination number profiles of CH3-N2 in six-component fuel droplets. 510 

Figure 18 shows the ratio of interactive force of representative component and that of pair potential 511 

energy of representative component in the six-component fuel droplet system under constant pressure. To 512 

simplify discussions, n-decane was chosen to represent the light component, and n-hexadecane was 513 

chosen to represent the heavy component here. Moreover, it is worth mentioning that the interactive force 514 

from the 12-6 Lennard-Jones potential between molecules is always a negative value under the conditions 515 

investigated here. Because of this, the following discussions on intermolecular forces are about their 516 

absolute values. As seen from Figure 18a,  when the ambient pressure remains unchanged and the ambient 517 

temperature increases, the ratio of the interaction force between n-decane and several fuel components, 518 

such as dodecane, is less than 1 at the initial stage of evaporation (t < 0.3 ns). However, at all moments 519 
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when the evaporation time t ≥ 0.3 ns, the ratio of the interaction force between n-decane and all other fuel 520 

components exceeds 1, which means the internal force of the fuel components decreases with increasing 521 

temperature at constant pressure. The case of n-hexadecane is similar to that of n-dodecane, as shown in 522 

Figure 18c. At the initial stage of evaporation (t < 0.2 ns), except the interactive pair of n-octadecane and 523 

n-hexadecane, the ratio of the interaction force between n-hexadecane and all other fuel components 524 

exceeds 1. At all moments when the evaporation time t ≥ 0.2 ns, the ratio of the interaction force between 525 

n-hexadecane and all other fuel components always exceeds 1, which means the internal force of the fuel 526 

components decreases, consistent with the case of n-decane. On the whole, the internal force of the fuel 527 

components will decrease at all moments after a short initial mixing with increasing temperature under 528 

constant pressure. As for the pair potential energy between the components, as shown in Figures 18b and 529 

18d, during the fuel–ambient gas mixing process, the potential energy of all fuel components at all 530 

moments will increase in value with increasing temperature at constant pressure. As mentioned before, 531 

the pair potential energy is always negative in value, so its absolute value will decrease. In addition, after 532 

the evaporation time t > 0.6 ns, the ratio profile increases almost exponentially with time. 533 

 534 
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 535 

Fig. 18. Ratio of interactive force of representative component and pair potential energy of 536 

representative component in the six-component fuel droplet system under constant pressure: (a) 537 

Interactive force on n-decane, (b) Pair potential energy of n-decane, (c) Interactive force on n-538 

hexadecane and (d) Pair potential energy of n-hexadecane. 539 

Figure 19 shows the ratio of interactive force of representative component and that of pair potential 540 

energy of representative component in the six-component fuel droplet system under constant temperature.  541 

As seen from Figure 19a, when the ambient temperature remains unchanged and the ambient pressure 542 

increases, almost all of the time in the whole mixing process, the ratio of the interaction force between n-543 

decane and all other fuel components exceeds 1, which means the internal force of the fuel components 544 

decreases with increasing pressure at constant temperature. The case of n-hexadecane is similar to that of 545 

n-dodecane, as shown in Figure 19c. At the early stage of evaporation (t < 0.55 ns), except the interactive 546 

pair of n-hexadecane and n-tetradecane, the ratio of the interaction force between n-hexadecane and all 547 

other fuel components exceeds 1. At all moments when the evaporation time t ≥ 0.55 ns, the ratio of the 548 

interaction force between n-hexadecane and all other fuel components always exceeds 1, which means the 549 

internal force of the fuel components decreases, consistent with the case of n-decane. On the whole, the 550 

internal force of the fuel components will decrease with increasing pressure at constant temperature. The 551 
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following discussion will be focused on the pair potential energy between the components. As shown in 552 

Figures 19b and 19d, during the fuel-ambient gas mixing process, the potential energy of all fuel 553 

components at all moments will increase in value with increasing pressure at constant temperature and its 554 

absolute value will decrease. Moreover, during the whole mixing time, the ratio profile of potential energy 555 

increases almost linearly with time, which is different from the case shown in Figure 18. 556 

 557 

 558 

Fig. 19. Ratio of interactive force of representative component and pair potential energy of 559 

representative component in the six-component fuel droplet system under constant temperature: (a) 560 



 37 / 50 
 

Interactive force on n-decane, (b) Pair potential energy of n-decane, (c) Interactive force on n-561 

hexadecane and (d) Pair potential energy of n-hexadecane. 562 

3.3.2 Atomic-level insights into the clustering phenomenon of fuel droplet system 563 

According to previous reports [71, 72], clusters are likely to form in supercritical fluids. Because the 564 

fuel droplets studied in this paper have a transition of the dominant mixing mode under supercritical 565 

conditions, it is expected that fuel clusters will form during the mixing process. In order to investigate the 566 

cluster formation during fuel-ambient gas mixing, the size distributions of CH3 clusters for single-567 

component n-hexadecane droplet evaporation under different environmental conditions are shown in 568 

Figure 20. The discussion here is focused on the clusters of CH3 groups on the fuel molecules. Moreover, 569 

only large clusters containing at least 10 CH3 groups are considered for statistical analysis here. With 570 

reference to the previously reported researches [73], the cutoff distance of the cluster was chosen as 8 571 

angstroms. The moment chosen here to calculate the cluster rate is the vapor–liquid equal probability time 572 

tpv = pl proposed in the previous study [9]. As seen from Figure 20a-b, under the ambient condition of 6 573 

MPa and 900 K, the largest fuel clusters appearing in the evaporation system contain more than 30 CH3 574 

groups. 33.6% of the total CH3 groups leaving the droplet were contained in clusters containing more than 575 

20 CH3 groups. When the ambient temperature rises to 1200 K, the largest cluster contains less than 30 576 

methyl groups, and only 7.48% of the total CH3 groups leaving the droplet were contained in clusters 577 

containing more than 20 CH3 groups. In other words, with increasing ambient temperature at constant 578 

pressure, the size of the largest clusters in the evaporation system decreases, and the proportion of large 579 

clusters in the evaporation system decreases. As seen from Figure 20c-f, at higher ambient pressure, when 580 

the ambient temperature rises, the formation mechanisms of clusters are similar. Under the condition of 581 

900 K and 16 MPa, the largest fuel cluster appearing in the evaporation system contains more than 50 582 

methyl groups. 29.83% of the total CH3 groups leaving the droplet were contained in clusters containing 583 

more than 30 CH3 groups. While at 6 MPa, this proportion is only 8.53%, as shown in Figures 20a and 584 
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20e. In summary, with increasing ambient pressure at constant temperature, the size of the largest cluster 585 

in the evaporation system increases, and the proportion of large clusters in the evaporation system 586 

increases. 587 

 588 

 589 

 590 
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Fig. 20. Size distributions of CH3 clusters (cut-off distance = 8 angstroms) for single-component droplet 591 

evaporation under different ambient conditions: (a) 6 MPa and 900 K, (b) 6 MPa and 1200 K, (c) 10 592 

MPa and 900 K, (d) 10 MPa and 1200 K, (e) 16 MPa and 900 K and (f) 16 MPa and 1200 K. 593 

Figure 21 shows the cluster rate of CH3 and the equal probability time of vapor-liquid phase tpv = pl 594 

during the mixing process of fuel droplets under different environmental conditions. As seen from Figure 595 

21a, under the same working conditions, when tpv=pl, the cluster rate of the six components is the lowest. 596 

This is because the relative molecular mass of the six-component fuel is the lowest, which means its 597 

content of the light component is the highest among three fuels. The average kinetic energy of the 598 

molecules of the light components is larger, as shown in Figure 9. Therefore it is not easy for this six-599 

component fuel to form clusters; while the average kinetic energy of the molecules of the heavy 600 

components is smaller, and the molecular chain is longer, the force between the molecules is greater, so 601 

it is easier for them to form clusters. The relative molecular mass of the three-component droplets is 602 

centered among the three fuels, and its cluster rate is also centered among the three fuels. The relative 603 

molecular mass of single-component droplets is the largest, so the cluster rate of single-component 604 

droplets is the highest. As shown in Figure 21a, under the supercritical temperature conditions studied in 605 

this paper, when the ambient pressure remains unchanged and the ambient temperature rises, the cluster 606 

rate decreases. This is because when the environmental pressure is constant, the average kinetic energy of 607 

N2 molecules increases with increasing temperature, and the average kinetic energy of fuel molecules also 608 

increases, so it is not easy to form clusters. When the ambient temperature remains unchanged and the 609 

ambient pressure increases, the cluster rate increases. This is because the MSD of the fuel molecules 610 

decreases and the dissolution of nitrogen increases. The liquid fuel is disintegrated into smaller clumps 611 

and the mixing is dominated by diffusion, so the clustering rate is high. Under the same environmental 612 

conditions, as for tpv = pl, the 1-component droplet is the largest, the 3-component droplet is second, and 613 

the 6-component droplet is the smallest, as shown in Figure 21b. The smaller relative molecular mass of 614 
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the mixed fuel, the higher the content of light components and the faster the mixing, so tpv = pl is smaller. 615 

The fuel evaporates faster with increasing ambient temperature, and tpv = pl is smaller. However, the 616 

influence of pressure on the evaporation rate is more complicated. As diffusion dominates the fuel-ambient 617 

gas mixing process instead of evaporation, the dominant factor of the mixing rate changes, the profile of 618 

tpv = pl with increasing ambient pressure is not monotonous. 619 

 620 

Fig. 21. Clustering of CH3 (cut-off distance=8 angstrom) during the mixing process of fuel droplets 621 

under different ambient conditions: (a) Cluster ratio at tpv = pl and (b) Vapor-liquid equal probability time 622 

tpv = pl. 623 

Figure 22 shows the snapshots of local molecular distributions of six-component fuel droplets. 624 

According to the classification of Figure 4a, Figures 22a and 22b respectively show the snapshots of 625 

distribution of fuel molecules when the fuel droplets are in diffusion mode and evaporation mode. In order 626 

to show the phase change process of fuel more clearly, nitrogen molecules are not shown. The moment of 627 

the snapshot here is the vapor–liquid equal probability time tpv = pl. When the mixing process of fuel 628 

droplets is dominated by diffusion, a large number of nitrogen molecules dissolve into the inside of the 629 

droplets. The existing vapor-liquid interface gradually collapses, and the fuel disintegrates into a large 630 
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number of clumpy clouds in the mixing layer, forming potential fuel clusters, as shown in Figure 22a. 631 

When evaporation dominates the mixing process of fuel droplets, although there is still dissolved nitrogen 632 

in the droplets, it is not enough to break the gas-liquid interface, so it is difficult to form fuel clusters, as 633 

shown in Figure 22b. In Figure 22c, in order to show the dissolution of nitrogen molecules inside the fuel 634 

droplets, fuel molecules and nitrogen molecules are displayed at the same time. When diffusion dominates 635 

the fuel-ambient gas mixing process, a large number of nitrogen molecules dissolve into the fuel. In order 636 

to visually show the process, a slice through the center of the droplet when the fuel droplet is in diffusion 637 

mode is shown here, as shown in Figure 22c. It can be seen from the figure that a large number of nitrogen 638 

molecules are dissolved inside the droplet, and the gas-liquid interface of the droplet has been 639 

disintegrating, so nitrogen enters the droplet more easily, and the droplet disintegrates from the inside, 640 

which is beneficial to form fuel clusters. Two representative clusters are shown in Figs. 22d and e, 641 

respectively. In Fig. 22d-e, only CH3 groups are shown here and different CH3 clusters are represented 642 

with different colors. The largest cluster colored in green is the remaining fuel droplet, which has been 643 

omitted in the statistical analysis of clusters. If a particle does not find neighbors within the cutoff distance, 644 

it will be identified as a cluster with only one particle. It can be found that fuel clusters form in the fuel-645 

ambient gas mixing layer where the dominant mixing mode transition happens. 646 
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 647 

Fig. 22. Snapshots of local molecular distributions of six-component fuel droplets: (a) Diffusion mode 648 

(16 MPa and 900 K, t = 1.12 ns), (b) Evaporation mode (2 MPa and 750 K, t = 1.75 ns), (c) A slice 649 

through the droplet center (16 MPa and 900 K, t = 1.12 ns), (d) Representative cluster colored in blue 650 

(16 MPa and 900 K, t = 1.12 ns) and (e) Representative cluster colored in purple (16 MPa and 900 K, t = 651 

1.12 ns). In Fig. 22a-b, blue particles indicate toluene molecules, yellow particles n-decane molecules, 652 

purple particles n-dodecane molecules, green particles n-tetradecane molecules, dark blue particles n-653 

hexadecane molecules and grey particles n-octadecane molecules. Nitrogen molecules are not shown 654 

here. In Fig. 22c, red particles indicate fuel molecules and yellow particles indicate nitrogen molecules.  655 

4. Conclusions 656 

The evaporation processes of six-component hydrocarbon fuel droplets in nitrogen environments 657 

were studied using MD simulations. As a comparison, three-component droplet and pure n-hexadecane 658 

droplet evaporation processes were also studied. The ambient pressure ranged from 2 MPa to 16 MPa and 659 
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the ambient temperature ranged from 750 K to 1350 K, which cover both subcritical and supercritical 660 

regimes. Significant results of this study include: 661 

1) The transition characteristics of the mixed fuel are strongly related to the interactive forces between the 662 

fuel molecules. And the properties of the mixed fuel are not the weighted average of those of individual 663 

fuel components. Therefore, the transition characteristics of the mixed fuel would not be the linearly 664 

weighted average of the physical properties of individual components in the mixture based on the mole 665 

fraction. The transition of a certain component in the mixed fuel will be affected by other components. 666 

For a certain pure component in the mixed fuel, the minimum transition pressure of it at certain 667 

temperature will increase with the decreasing relative molecular mass of the mixed fuel. The number of 668 

nitrogen molecules dissolved into the droplet decreases with increasing temperature even at the 669 

supercritical pressure condition, which is the reason why there is a limitation namely the maximum 670 

transition temperature.  671 

2) For the same mixed fuel evaporation system (the same mixed fuel and the same ambient gas) at the 672 

supercritical temperature, Fpfa increases with increasing pressure at constant temperature (The symbol Fpfa 673 

denotes the average resultant force on each atom of an individual component in mixed fuel droplets by all 674 

the other atoms in the system). As a result, diffusion will gradually dominate the mixing process of the 675 

component. However, Fpfa will decrease with increasing temperature at constant pressure. Consequently, 676 

evaporation will gradually dominate the mixing process of the component. For a certain pure component, 677 

Fpfa is different in different mixed systems, resulting in its different transition points. When the ambient 678 

pressure or temperature increases, Fnpfa will increase at the same time (The symbol Fnpfa denotes the 679 

average resultant force on each fuel atom by nitrogen molecules in the system). The per-atom translational 680 

kinetic energy or potential energy for fuel atoms increases with increasing temperature or pressure. The 681 

MSD of fuel molecules decreases with the ambient pressure increasing or the ambient temperature 682 

decreasing at the same time. In the case of fully developed mixing, there are more nitrogen molecules 683 
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around the methyl groups of the long-chain molecules. On the whole, the internal force of the fuel 684 

components will decrease with increasing pressure or temperature. Moreover, the potential energy of all 685 

fuel components at all moments will always increase in value with increasing pressure or temperature and 686 

its absolute value will decrease. During the whole mixing time, in the case of varying pressure, the ratio 687 

profile (low-pressure case/high-pressure case) of potential energy of fuel components increases almost 688 

linearly with time. However, in the case of varying temperature, the ratio profile (low-temperature 689 

case/high-temperature case) increases almost exponentially with time at the later stage of mixing. 690 

3) In the case of supercritical temperature studied here, with increasing ambient temperature at constant 691 

pressure, the size and the proportion of large clusters in the evaporation system as well as the cluster rate 692 

all decrease. When increasing pressure at constant temperature, the situations are just the opposite. Under 693 

the same working conditions, at tpv = pl (tpv = pl denotes the vapor-liquid equal probability time), the smaller 694 

the relative molecular mass of the mixed fuel is, the lower its cluster rate is. Fuel clusters form in the fuel-695 

ambient gas mixing layer where the dominant mixing mode transition happens. 696 
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