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To investigate the influence of CeO2 nanoparticles on the evaporation characteristics of 
fuel droplets, numerical simulation for single nano-fuel droplet evaporation was conducted 
based on ANSYS FLUENT software according to the single droplet evaporation 
visualization experiment. And the effects of nanoparticles’ concentration and size on the 
temperature and fuel-vapor concentration during the evaporation of were emphatically 
discussed. The simulation results showed that the temperature field and concentration field 
were distributed in a gradient. Nano-fuel droplets absorbed heat from the external 
environment, and the temperature of the nano-fuel droplets kept rising until reaching the 
evaporation equilibrium temperature. The evaporation equilibrium temperature of 
nano-fuels droplets was higher than that of N-tetradecane (C14) at the temperature of 573 
K. In addition, it increased with the increment of nanoparticle concentration and reduction 
of the nanoparticle size. In the beginning of the evaporation, the vapor volume fraction of 
nano-fuel was relatively low and it increased slowly with time. As the evaporation process 
continued, the evaporation rate of nano-fuel droplets increased. The liquid nano-fuel was 
constantly evaporating to the fuel vapor, and the vapor volume fraction was increased. The 
vapor volume fraction was increased during the same evaporation period when elevated 
nanoparticles concentration and minished nanoparticles size. 
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1. Introduction 
 
Improving fuel quality is an important measure to strengthen engine combustion, improve 

thermal efficiency and reduce pollutant emissions. Due to the good thermal conductivity, high 
specific surface effect and suspension stability of nanoparticles, the addition of nanoparticles to 
fuel changes the basic physical and chemical parameters such as thermal conductivity and dynamic 
viscosity of base liquid fuel, which can significantly improve fuel quality, thereby improving 
combustion and emission performance, and has a wide application prospect [1-4]. Before the fuel 
enters the cylinder, it will experience the atomization and evaporation stage. However, due to the 
nanoparticles change the interaction between the base liquid molecules, the mechanism of 
                                                                 
* Corresponding author. meideqing@ujs.edu.cn 
https://doi.org/10.15251/DJNB.2023.182.689 

https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures
https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures?id=594amp;catid=8
https://doi.org/10.15251/DJNB.2023.182.689


690 
 

interphase heat transfer is more complicated, so the evaporation characteristics of nano-fuel 
droplets become an important basic research content in the field of combustion [5,6].  

The atomization and evaporation stage of fuel directly affects the spatial distribution of 
fuel components and the quality of the mixture, which further affects the combustion and emission 
process of fuel. The evaporation characteristics of a single fuel droplet can reflect the evaporation 
performance of the fuel itself to a certain extent. Therefore, it is necessary to explore the law of 
evaporation process by constructing a micro-scale nano-fuel single droplet evaporation test to 
provide basic data reference for the heat and mass transfer process of nano-fuel. Currently, some 
scholars have carried out experimental research on the evaporation characteristics of nanofluids. 
Javed et al. [7] investigated the evaporation process of Al-kerosene suspension static single 
droplets in the medium and high temperature environment of 673 ~ 1 073 K. It was found that the 
evaporation process can be roughly divided into three stages, and the fuel droplets containing 
higher mass concentration of nanoparticles show obvious microexplosion while studying the effect 
of nanoparticle mass concentration on droplet evaporation rate. Yan et al. [8] found that the 
evaporation rate of droplets would change under the condition of hot plate heating, while the 
evaporation rate remains constant under the condition of plasma heating. Chen et al. [9] 
investigated the evaporation characteristics of kerosene droplets at different ambient temperatures, 
and found that in the forced convection environment, the effect of convection velocity on 
evaporation rate would become increasingly significant with the increase of Reynolds number and 
Sherwood number. 

Owing to the small size of nanoparticles and the existence of irregular motion in the 
liquid, the mechanism of the flow and heat transfer process of nanofluids becomes very 
complicated. Experimental studies generally can only provide macroscopic phenomena, and it is 
difficult to give deeper details. Therefore, numerical simulation of nanofluids is booming. 
Computational Fluid Dynamics (CFD) is a powerful tool for microscopic analysis of droplet 
evaporation, especially in heat and mass transfer analysis and flow field prediction [10]. Zigelman 
et al. [11] investigated the variation of particle distribution with time under different diffusion 
velocities of nanoparticles by numerical simulation method. The results indicated that the mass 
concentration distribution of nanoparticles was determined by the competition between particle 
transfer (convection and diffusion mass transfer) and particle deposition rate inside the droplet. 
Chereches et al. [12] assumed FLUENT's single-phase homogeneous model to solve the natural 
convection problem of ZnO water-based nanofluids. Nasrin et al. [13] found that the simulation 
results are in good agreement with the test results by using the single-phase method in COMSOL 
software to simulate the performance of nano-fluid photovoltaic thermal (PV/T) system. 

Nowadays, the researches' focal spot was mainly on the evaporation test of nanofluid 
droplets, while the simulation research on the evaporation characteristics of single droplets of 
oil-based nanofluids is relatively lacking. In addition, the conclusions about how nanoparticles 
affect the evaporation characteristics of nano-fuel droplets are not consistent, and the numerical 
model is not perfect enough. Therefore, based on the single droplet evaporation test of nano-fuel, 
the effects of mass concentration and particle size of CeO2 nanoparticles on the evaporation 
characteristics of n-tetradecane (hereinafter referred to as C14) fuel droplets were studied by using 
the EULER multiphase flow model in the computational fluid dynamics software ANSYS 
FLUENT. 
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2. Model establishment  
 
2.1. Physical model  
Single-phase model and multi-phase model are mainly used to solve the flow and heat 

transfer of nanofluids. [14] However, nanofluids are essentially a solid-liquid mixture of base fluid 
and doped nanoparticles, and there are different temperatures and velocities between particles and 
base fluid. Therefore, compared with the single-phase model, the multiphase flow calculation 
method is closer to the real situation of nanofluids. 

The multiphase flow model is generally divided into Euler-Lagrange method and 
Euler-Euler method. Eulerian-Lagrangian method is difficult to simulate the reaction system with 
small particles and mostly used to calculate the simulation of spray and particle load flow. The 
Euler-Euler method is to treat the discrete phase in the multiphase flow as a fluid. Each phase of 
the fluid is a continuous medium in the same space and penetrates each other, and has different 
velocity, temperature and density. The spatial position of each phase is determined by the phase 
volume distribution function. This method can greatly reduce the amount of calculation and is 
widely used in various multiphase flow problems.  

The evaporation of nano-fuel droplets belongs to the gas-liquid-solid three-phase flow 
problem. Therefore, the Euler three-phase flow model is used to solve the problem. The third 
phase is set as solid nanoparticles. The liquid phase and the solid phase are fused with each other. 
The gas-liquid-solid three-phase is calculated in the Euler system, which can meet the calculation 
requirements. 

The physical evaporation model of CeO2 nano-fuel droplets is shown in Fig. 1. Assuming 
that the droplets always maintain a uniform spherical shape during the evaporation process, the 
initial conditions are set as follows: the initial temperature of the droplets is set to 300 K, the 
ambient temperature is 573 K, and the initial diameter of the droplets is 1 mm. In order to ensure 
the accuracy of the flow field calculation, it is very important to select the appropriate 
computational domain size and boundary conditions. If the computational domain is too small, the 
simulation results will be inaccurate. However, too large computational domain will lead to greatly 
extended computing time, and ultimately waste of computing resources. After comparison, the 
computational domain size is set to 20 mm × 20 mm. 

 

 
 

Fig. 1. The physical model of droplet evaporation. 
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Owing to the evaporation process of nano-fuel droplets involves very complex influencing 
factors, in order to reduce the difficulty of simulation, it is necessary to simplify and assume the 
calculation model of nano-fuel droplets. In this model, the temperature difference inside the 
droplet is ignored, and the temperature distribution inside the droplet is considered to be uniform, 
and the following assumptions are made [15-17]: 

1) Ignore the effect of gravity and assume that droplets remain uniformly spherical during 
evaporation. 

2) Fuel vapor and environmental gas are regarded as rational gas. 
3) The dissolution and self-decomposition of droplets in the surrounding gas are not 

considered. 
4) The Soret effect caused by temperature difference and the Dufour effect caused by 

concentration difference are ignored. 
5) Ignore the influence of radiation heat transfer. 
 
2.2. Mathematical model  
2.2.1. Euler-Euler multiphase flow model  
The evaporation model of the droplets is based on the Lee model in FLUENT, which is a 

mechanical model based on physical basis, the liquid-gas mass transfer is controlled by the gas 
phase transport equation. Thus, Equation (1) can be written as: 
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where v  is the gas phase; να  is the gas volume fraction; νρ  is the gas phase density; vV  is 
the gas phase velocity; bvm  is the mass transfer rate of evaporation, which specific expression is 
as follows: 
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where satT  is saturation temperature; coeff  is the factor controlling the phase transition 
intensity; bα , bρ and bT are the volume fraction, density, and temperature of the liquid phase, 
respectively. 

 
2.2.2. Control equations 
In the Euler-Euler method, different phases are treated as interpenetrated continuums. 

Owing to the volume occupied by one phase can no longer be occupied by other phases, the 
concept of phase volume fraction is introduced. The volume fraction is a continuous function of 
time and space, and the sum of the volume fractions of each phase is equal to 1. 

The calculation formulas of local evaporation flow rate, total evaporation rate and 
gas-liquid interface heat transfer of nano-fuel droplets are as follows [13]: 
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where Lj  is the local evaporation flow rate of nano-fuel droplet evaporation; M  is the molar 
mass (mole fraction) of fuel vapor; the vapor concentration; c  is the vapor diffusion coefficient 
in the gas phase region; D  is the density of fuel vapor; ρ  is the evaporation rate of nano-fuel 
droplet evaporation; Vj  is the volume of nano-fuel droplet evaporation per unit time; S  is the 
cross-sectional area of fuel vapor; q  is the heat transfer at the gas-liquid interface per unit time; 
m  is the mass flow rate of vapor when the droplet evaporates; th  is the latent heat for 
vaporization. 

 
 
3. Model validation 
 
3.1. Mesh independence verification 
The computational accuracy of the simulation depends largely on mesh division 

Reasonable mesh division method can effectively reduce calculation amount while ensuring 
calculation accuracy [18]. Therefore, it is necessary to verify the mesh independence to determine 
the most suitable size conditions. 

The C14 droplet was used as the experimental object. The ambient temperature was 573 
K, the initial droplet temperature was 300 K, and the droplet diameter was 1 mm. As shown in 
Table 1, four different mesh division schemes were set up in the simulation, in which the number 
of meshes occupied by droplets was 69, 316, 7 860 and 31 401, respectively, and the surface area 
of droplets was also slightly different. According to the time step of 1e-6, the maximum number of 
iterations per step was 30, and the same number of iterations was used. The change of temperature 
in the computational domain was used as the index of mesh independence test, while the test 
scheme 4 with the largest number of meshes was used as the reference group. The calculation 
results errors between schemes 1-3 and scheme 4 are calculated respectively. 

 
Table. 1. Mesh independence design and comparison of simulation results. 

 
Schemes Mesh number Mesh size  

/ (mm×mm) 
Droplet surface 

area / mm2 

1 38 416 0.05×0.05 0.69 
2 160 000 0.01×0.01 0.79 
3 4 000 000 0.005×0.005 0.786 
4 10 000 960 0.001×0.001 0.785 

 
 
The accuracy of calculation results is greatly affected by the size of the mesh, Mesh 

independence verification for four different design scenarios were shown in Figure 2. It can be 
seen from the figure that the calculation results of scheme 1 and scheme 4 have the largest 
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difference. However, the calculation results of scheme 3 and scheme 4 are convergent. The results 
show that as the mesh size decreases, its influence on the calculation results decreases rapidly, 
though the effect of mesh size on computational accuracy is negligible when mesh number 
increases to a certain extent. Although the more the number of meshes, the more accurate the 
calculation results, however, too small mesh size will make the calculation time multiply. 
Forasmuch as mesh size of scheme 4 is relatively small, the calculation time of scheme 4 is greatly 
prolonged compared with scheme 3. Considering the relatively simple geometric structure of the 
model, combined with the economy and accuracy of the calculation, after considering all factors, 
the mesh size of scheme 3 is selected for the next simulation study.  

 

 

Fig. 2. Verification of mesh independence. 
 
 
3.2. Single droplet evaporation test model validation  
In order to verify the accuracy of the evaporation model, the nano-fuel with C14 as the 

base fuel and CeO2 with particle sizes of 20 nm and 50 nm as nanoparticles was selected to carry 
out the single droplet evaporation test of nano-fuel. Based on the two-step method [19], 50 mg / L, 
100 mg / L and 150 mg / L nano-fuel oil samples were prepared respectively. For the convenience 
of expression, the mass concentration and particle size of the particles are represented by the above 
and the subscripts respectively. For example, 

50
20Ce  represents CeO2 nano-fuel with a mass 

concentration of 50 mg / L and a particle size of 20 nm. 
Figure 3 shows a schematic of the experimental setup used to analyze the evaporation of 

nano-fuel single droplets, which consists of an evaporation cylinder, temperature controller, 
hanging drop, screw, computer and high-speed camera. The temperature control device is mainly 
composed of a resistance wire and a thermocouple, which is heated by a resistance wire to increase 
the temperature in the cylinder to meet the test conditions. The droplet conveying device is mainly 
composed of a ball screw, a quartz wire and a stepping motor. The high-speed camera is in the 
opposite direction of the illumination set to enhance the contrast and visualize the droplet 
evaporation process. The illumination set comprises a LED light and a diffusion glass. The two 
quartz wires are fixed at the bottom end of the ball screw in a cross shape, and the center 
intersection part is used for carrying and suspending droplets. The volume of a single suspended 
droplet is about 0.5 μL, which is produced by a micro sampler. The morphology change of 

50
20Ce

nano-fuel droplet during evaporation at 573 K is shown in Fig. 4. 
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Fig. 3. Schematic diagram of single droplet evaporation device. 
 

 
(a)0.00 s      (b)1.75 s    (c)3.46 s    (d)4.57 s   (e)5.70 s   (f)6.86 s   (g)7.50 s 

 

Fig. 4. Morphology change of 
50
20Ce nano-fuel droplet during evaporation at 573 K. 

 
 
On the basis of the mesh size determined above, the numerical simulation of the 

evaporation process of 
50
20Ce  nano-fuel droplets is carried out, and the simulated droplet diameter 

changing with time is compared with the experimental data, as shown in Fig. 5. The initial 
conditions of 

50
20Ce  nano-fuel droplets are set as follows: the initial temperature of droplets is 300 

K, the ambient temperature is 573 K, and the initial diameter of droplets is 1 mm. It can be seen 
from the figure that there are some differences between the simulation results and the experimental 
results in the set time range, which is reflected in the fact that the change of the droplet diameter of 
the simulation results is always faster than the experimental value. The reason for this 
phenomenon is that the error is difficult to completely eliminate during the test, and there is a 
certain degree of heat loss, which cannot be used for evaporation. Owing to the good consistency 
of trends between the numerical analysis results and the experimentation results, the established 
model is proved to be reasonable. 
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Fig. 5. Comparison of measured droplet diamerters with simulated results varying with time 

 during the evaporation of 
50
20Ce nano-fuel. 

 
 
4. Simulation results and analysis  
4.1. Temperature change of droplet evaporation process  
The heat transfer ability of liquid phase can be reflected by the change of droplet 

temperature field to some extent. At the ambient temperature of 573 K, the temperature field 
change of 

50
20Ce  nano-fuel droplet evaporation process, as shown in figure 6. The temperature 

difference exists between the high temperature environment and the 
50
20Ce  nano-fuel droplets, and 

the nano-fuel droplets and the high temperature environment exchange heat through natural 
convection and heat conduction. In convective heat transfer, when the fluid flows through the fluid 
or solid surface with different temperatures, the temperature of the fluid in the normal direction of 
the contact surface between the two will change significantly due to different temperatures, 
resulting in a temperature gradient. 

 

   
(a) t=0.0 s (b) t=0.1 s (c) t=0.2 s 

   
(d) t=0.3 s (e) t=0.4 s (f) t=0.5 s 

 

Fig. 6. Temperature field of 
50
20Ce  nano-fuel droplet during evaporation at 573 K. 
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The evaporation equilibrium temperature is used to measure the change of droplet 
temperature [20]. When evaporating in a high temperature environment, driven by the temperature 
difference, the heat is continuously transferred from the high temperature environment to the low 
temperature droplet, part of which is used to make the droplet temperature rise rapidly, and the 
other part is provided to the liquid molecule as the heat consumed during evaporation. Therefore, 
the droplet temperature does not rise to the same temperature as the external environment, but 
gradually rises to a certain temperature and then remains basically unchanged, that is, the 
evaporation equilibrium temperature of the droplet, and the stage of droplet endothermic heating is 
the instantaneous heating stage. 

At 573 K, the evaporation equilibrium temperature of 20Ce  nano-fuel droplets with 
different mass concentrations is shown in figure 7. The evaporation equilibrium temperatures of 
nano-fuel droplets increase with the increase of nanoparticle mass concentration at 573 K, which 
are 469.8 K, 472.8 K and 474.6 K, respectively. Compared with C14, they are increased by 1.5 %, 
2.3 % and 2.7 %, respectively. Fig. 8 presents the instantaneous heating stage of nano-fuel droplets 
with different mass concentrations at 573 K. The instantaneous heating stage of nano-fuel droplets 
lasts 1.58 s. 22.9 % of the total duration of evaporation; the instantaneous heating stage of 
nano-fuel droplets is 1.41 s, accounting for 21.4 % of the total evaporation time. With the increase 
of particle mass concentration, the instantaneous heating stage of nano-fuel droplets accounts for a 
smaller proportion of the total evaporation stage, which is conducive to promoting evaporation. 
This is because the addition of nanoparticles greatly increases the thermal conductivity of the base 
fuel, and can absorb more heat from the outside at the same time. At the same time, the specific 
heat capacity of nanoparticles, as a solid, is relatively small compared with that of the base liquid, 
and its temperature rises faster than that of the base liquid, which will also increase the equilibrium 
temperature of the droplets to a certain extent. Therefore, the higher the particle mass 
concentration is, the higher the evaporation equilibrium temperature of nano-fuel droplets is; at the 
same time, the shorter the transient phase of the droplet, the faster the droplet can enter the stable 
evaporation stage, accelerating the evaporation process of the fuel droplet, which is conducive to 
the evaporation of the droplet. 

 

 
 

Fig. 7. Evaporation equilibrium temperatures of 20Ce nano-fuel droplet. 
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Fig. 8. Instantaneous heating stage of 20Ce  nano-fuel droplet with various mass concentrations. 
 
 
The evaporation equilibrium temperature varies with the particle size of the nanoparticles 

in the base fuel. At 573 K temperature conditions, the evaporation equilibrium temperature of 
different particle sizes 

50
20Ce  and 

50
50Ce  nano-fuel droplets is shown in figure 9. The evaporation 

equilibrium temperature of 
50
20Ce  nano-fuel droplets is 469.8 K, while that of 

50
50Ce  nano-fuel 

droplets is 467.3 K. It can be seen that the evaporation equilibrium temperature of fuel droplets 
containing large-size nanoparticles is lower. Fig. 10 presents the instantaneous heating stage of 
different particle sizes 

50
20Ce  and 

50
50Ce  nano-fuel droplets. It can be seen from Fig. 10 that the 

instantaneous heating time of 
50
20Ce  and 

50
50Ce  nano-fuel droplets is 1.58 s and 1.61 s, respectively, 

accounting for 22.9 % and 23.1 % of the total evaporation time of and nano-fuel droplets, 
respectively. This is due to the fact that at the same mass fraction, the number of large particle size 
particles is relatively small, and the heat transfer interface between particles and liquid is relatively 
small, and the heat transfer ability is relatively weak, resulting in a relatively slow heating rate of 
droplets and a relatively low evaporation equilibrium temperature of droplets. 

 

 
Fig. 9. Evaporation equilibrium temperatures of 

50
20Ce and

50
50Ce  nano-fuels droplet.
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Fig. 10. Instantaneous heating stage of 
50
20Ce and 50

50Ce  nano-fuels droplets. 

 
 
4.2. Change of mass concentration in droplet evaporation process  
Fig. 11 presents the change of mass concentration field in the evaporation process of 

50
20Ce  

nano-fuel droplets at 573 K ambient temperature. Learned from Fig. 11, as the evaporation process 
continues to advance, the fuel vapor gradually accumulates on the surface of the droplet, and 
continues to diffuse to the surrounding environment driven by a huge mass concentration 
difference, resulting in convective conduction of the fuel vapor. The diffused fuel vapor is 
axisymmetrically distributed in the computational domain, and the concentration gradually 
decreases outward along the droplet center to generate a mass concentration gradient. Similar to 
the temperature boundary layer, when there is a concentration difference between the fluid and the 
phase interface, it is under the combined action of molecular diffusion and convective mass 
transfer. The droplet will undergo mass transfer during the evaporation process. As the evaporation 
process continues, the volume fraction of the liquid phase is also decreasing. 

 

   
(a) t=0.005 s (b) t=0.1 s (c) t=0.2 s 

   
(d) t=0.3 s (e) t=0.4 s (f) t=0.5 s 

 

Fig. 11. Mass concentration field of 
50
20Ce  nano-fuel droplet during evaporation. 
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The change of fuel vapor volume fraction during the evaporation of 20Ce  nano-fuel 
droplets with different mass concentrations is shown in Fig.12. Learned from Fig. 12, at the 
starting point of evaporation, the volume fraction of gas phase is 0. As the evaporation process 
progresses, the fuel vapor gradually accumulates and the volume fraction of fuel vapor gradually 
increases. The change of the volume fraction of fuel vapor with time can be roughly divided into 
two stages: in the initial stage, the change rate of the volume fraction of gas phase with time is 
small, and then the volume fraction of gas phase increases rapidly with time. It is convenient to 
describe below. The time point divided into two stages is defined as tθ. There are differences in the 
change of gas phase volume fraction of nano-fuel with different mass concentrations. Among 
them, the change rate of gas phase volume fraction of 

150
20Ce  nano-fuel droplets with time is the 

fastest, and the change rate of gas phase volume fraction of 
50
20Ce  nano-fuel droplets with time is 

relatively slow. The time defining points of dividing 50
20Ce  and 

150
20Ce  nano-fuel into two stages are 

tθ1 and tθ2 respectively., respectively. At the time of tθ, the gas phase volume fraction of 
50
20Ce  

nano-fuel droplets is 0.116, and the gas phase volume fraction of 
150
20Ce  nano-fuel droplets is 0.121, 

which is increased by 4.3 %. The higher the mass concentration of nanoparticles, the more 
favorable it is to promote the conversion of liquid phase to gas phase. This is due to the higher the 
mass concentration of nanoparticles contained in the base liquid, the higher the evaporation 
equilibrium temperature of the droplets, the more energy the liquid phase molecules obtain, and 
the faster the gas-liquid phase transition rate. 

 

 
 

Fig. 12. Vapor volume fraction of 20Ce nano-fuel droplet evaporation with different concentrations. 

 
 
In the evaporation process of nano-fuel droplets, the change of volume fraction of fuel 

vapor with different particle sizes is shown in Fig.13.The figure shows that the particle size of 
nanoparticles also affects the change rate of gas phase volume fraction of fuel vapor. The change 
rate of the gas phase volume fraction of 

50
20Ce  nano-fuel droplets is faster than that of 

50
50Ce  

nano-fuel droplets. The time defining points of dividing 50
20Ce  and 

50
50Ce  nano-fuel into two stages 

are tθ3 and tθ4, respectively. At the time of tθ, the gas phase volume fraction of 
50
50Ce  nano-fuel 

droplets is 0.104, which is 10.3 % lower than that of 
50
20Ce  nano-fuel droplets. This is due to the 

slow heat transfer efficiency between large-sized nanoparticles and base liquid. The ability to 
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increase the internal temperature of the droplet is relatively weak, so the effect of promoting 
droplet evaporation is relatively weak for nanoparticles with relatively small particle size, and the 
rate of evaporation of liquid molecules into fuel vapor is relatively slow. 

 

 
 

Fig. 13. Vapor volume fraction of nano-fuel droplet evaporation with different particle sizes. 
 
 
5. Conclusion  
 
1) The single droplet evaporation model of nano-fuel was constructed on the basis of the 

EULER multiphase flow model, droplet evaporation test data was taken as the reference at the 
same time, and its calculation accuracy was verified to meet the requirements. Furthermore, the 
effects of CeO2 nanoparticle mass concentration and particle size on the evaporation 
characteristics of fuel droplets were analyzed. 

2) In the early stage of evaporation, owing to the low temperature of droplets, the rate of 
liquid phase to gas phase conversion is slow, and the gas phase volume fraction is relatively small. 
However, as the heat is continuously transferred between the gas and liquid, the temperature of the 
nano-fuel droplets gradually increases, and sufficient energy is given to the liquid molecules, 
which continuously evaporates into fuel vapor, and the gas phase volume fraction increases rapidly 
with time. The volume fraction of gas phase of droplets tended to rise up with increasing the 
nanoparticles mass concentration or diminishing nanoparticles size, and the more conducive to 
promoting liquid phase gasification during the same evaporation period. 

3) At the ambient temperature of 573 K, the evaporation equilibrium temperature of each 
nano-fuel is higher than that of C14. The evaporation equilibrium temperature of droplets tended 
to rise up with increasing the nanoparticles mass concentration or diminishing nanoparticles size, 
and the greater the energy obtained by the liquid molecules, the more conducive to promoting 
evaporation. 
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