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Abstract 

In this paper, a fully compressible real-fluid and homogeneous equilibrium model (HEM) has been developed, in 

which the two-phase characteristics are obtained using a tabulated multicomponent vapor-liquid equilibrium 

approach. This classical HEM model consists of four balance equations posed in terms of mass density, partial 

species density, momentum, and internal energy (e). The thermodynamic properties of the mixture are calculated 

as a function of temperature, pressure and species composition (𝑧𝑖) based on the Peng-Robinson equation of 

state. Most importantly, a bijective look-up table linking (𝜌, e ) and (T, P) is constructed using a computationally 

efficient isothermal isobaric (TPn) flash. This look-up table also includes various thermodynamic derivatives such 

as sound speed, heat capacity as well as the transport properties. During the simulation, all thermal and transport 

properties are linearly interpolated using (T, P, 𝑧𝑖). This tabulation approach has been successfully applied to the 

investigation of subcritical evaporation and transcritical mixing characteristics of spherical n-dodecane droplets in 

a nitrogen ambient. Primarily, an isolated droplet with uniform initial temperature is put into a moderate ambient 

condition ( 𝑃𝑎𝑚𝑏. = 62 bar, 𝑇𝑎𝑚𝑏. = 700  K), in which it undergoes a classical evaporation process with the 

continuous diameter reduction. Then, the droplet is injected into a high temperature and pressure condition 

(𝑃𝑎𝑚𝑏. = 102 bar, 𝑇𝑎𝑚𝑏. = 1200 K), in which the droplet firstly remains spherical for a while, and then deforms to an 

olive shape. The predicted results are shown to be in good agreement with the recent experimental findings. The 

thermodynamic analysis also demonstrates that the droplet has entered the two-phase regime with a diffused 

interface in which vapor and liquid coexist. This proves that the experimentally observed clouds around the 

droplet at (𝑃𝑎𝑚𝑏. = 102 bar, 𝑇𝑎𝑚𝑏. = 1200 K) is still mainly generated by evaporation, and not due to diffusive 

mixing, even though the initial ambient gas is significantly above the n-dodecane critical point (𝑃𝑐 = 18.1 bar). The 

transition from the subcritical classical evaporation to the supercritical mixing regimes is also discussed in this 

work based on thermodynamic arguments. 
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1. Introduction 

Liquid fuel injection is a common process that exists in many energy conservation devices, such as in the diesel 

and gas turbine engines. Some practical engines operate at supercritical conditions. However, the injected fuel 

may be at subcritical, transcritical or supercritical state during the injection, mixing and evaporation processes. In 

these engines, shadow areas still exist in such a way that the injected fuel temperature is well below its critical 

temperature while both in-cylinder pressure and temperature exceed the fuel’s critical points. Most studies in the 

literature termed this phenomenon as transcritical injection. The issue of thermodynamic non-idealities near the 

critical point is one of the main challenges to model these phenomena [1,2]. However, this raises a question about 

whether the multicomponent mixture really transits to the supercritical state relative to the mixture critical point in 

the engine operating conditions? Up to now, this issue has not been resolved yet[3,4]. Moreover, there are also 

some concerns about the superheated liquid which may induce bubble nucleation, cavitation and violent phase 

change inside the liquid. These phenomena may further produce serious consequences such as explosion, fires 

or toxic exposure which will hence bring in immense damages [5].  

Generally, the transition criterion from the evaporating subcritical to the diffusive mixing regime is not rigorously 

following the variation of the pure fuel critical point. Several studies have provided important insights on the 

transcritical behaviors, as well as the limitations of current theoretical modelling and numerical simulations of such 

flows [6,7]. The available experimental studies have stimulated great interest in exploring the multicomponent real 

fluid transition process. Crua et al. [7] proposed a transition criterion of 𝑇𝑟√𝑃𝑟  based on the experimental 

phenomena (Figure 1). Yang et al. [4] pointed out that the flow transport process under supercritical conditions 
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exhibits distinct behaviours compared to those under subcritical conditions. Bellan [2] presented a comprehensive 

review of droplet dynamics, thermodynamics, and transport properties at supercritical conditions. Under the 

supercritical case, the droplet sphericity diminishes sharply, and the temperature increases continuously during 

the diffusive mixing process. However, most supercritical studies are discussed with respect to the fuel critical 

point (Figure 1) [10-12]. The real physics involved in the transition from subcritical to the mixture thermodynamic 

supercritical condition has not been well addressed. The lack of fundamental understanding of the real 

transcritical spray is due to the considerable challenges involved in developing appropriate experiments and 

relevant multiphase flow models.  

Researchers have attempted to develop various two-phase flow models, with the numbers of transport equations 

ranging from three to seven depending on the initial equilibrium assumptions [13-17]. Among of them, the  

four-equation models due to their high efficiency are very prevalent for cavitation and spray simulations [18]. 

The four-equation model is composed of three conservation laws for mixture quantities (mass, momentum, 

energy) in addition to eventual partial density transport for multicomponent problems. These equations are usually 

solved along with a phase change source term, as in the Homogeneous Relaxation model [35], for instance. The 

main issue in such models is to accurately estimate the phase change term for the classical subcritical 

evaporation, and it is unable to transit to supercritical single-phase mixing regime. Yang et al. [4] and Yi et al. [20] 

have recently employed a specific real-fluid multicomponent vapor-liquid equilibrium solver, which includes a 

stability test to distinguish the single-phase and two-phase flows; and implements isothermal-isobaric and 

isoenergetic-isochoric flash to predict the phase change source term, along with the two-phase equilibrium 

temperature, pressure and phase compositions. However, in practice, it is proved that the complexity of the cubic 

EOS and solving flash problems for all grid cells over all nonlinear iterations and time steps are very 

computational demanding [20,21,22]. Therefore, a more robust and efficient tabulation approach needs to be 

developed to elevate the computational efficiency of the thermodynamic solver. 

In the literature, there are many studies focused on the thermodynamic property tables rather than the 

multicomponent vapor-liquid equilibrium tabulations. Azimian et al. developed an artificial neural network for 

generating steam tables [23]. Wang et al. [24, 25] proposed a spline-based tabulation method for water and 

steam. Khatami et al. [26] introduced a two-dimensional phase-oriented interpolation approach to deal with the 

discontinuous values at the phase boundary, which can improve the accuracy compared to the previous methods. 

Brown et al. [27] also suggested an adaptively inverse interpolation approach.  

The present study describes a robust as well as efficient bijective tabulation method as a simple look-up 

procedure for accurate interpolations over the entire range of fluid thermodynamic states. It involves the single-

liquid like, single-gas like, as well as two-phase states. This bijective tabulation is implemented into a four-

equation HEM model. A three-dimensional isothermal-isobaric TPn-table is chosen mainly to replace the costly 

iterative methods of the TPn flash. The second reason but not least is to be able to simulate for different fuels and 

surrogates by using an existing flash library instead of the hard coding a TPn flash for each of them.  

In order to validate the newly developed methodology, this work attempts to conduct a comprehensive 

investigation about the evaporation behaviours of a n-dodecane droplet injected into a supercritical nitrogen 

ambient over a broad range of temperature and pressure conditions. This paper is organized as follows. Section 2 

describes the numerical and theoretical methods including the tabulation and thermodynamic ingredients. Then, 

the subcritical and transcritical evaporation are discussed and qualitatively compared with the experimental 

images from Crua et al [7] in Section 3. Finally, the conclusions are presented. 

 

 

Figure 1. Transcritical injection: (Left) experimental images from [7]. (Right) typical single-phase P-T diagram [28]. 
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2. Numerical model 

2.1 Homogenous equilibrium model 

In this study, we solve the three-dimensional fully compressible Navier–Stokes equations, which are based on the 

thermal and mechanical equilibrium. The governing equations are as following. 
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where 𝜌 , 𝑢 , 𝑃 , 𝑇 , 𝑒  are mixture density, velocity, pressure, temperature and specific internal energy, 

respectively; 𝑌𝑚  and ℎ𝑚 are the mass fraction and enthalpy of each species m, respectively. The above system 

is closed by a composite Peng-Robinson equation of state PR-EoS, as explained in [20] using tabulated thermal 

and transport properties. The thermal properties are estimated based on PR-EoS and the ideal reference data are 

provided by NIST. The laminar transport properties, thermal conductivity, K and viscosity are calculated using 

Chung et al. correlations [28]. Then, the laminar diffusion coefficient is estimated using a given Schmidt number 

as D=𝝂/Sc. The details are introduced as follows. 

 

2.2 Tabulation approach 

Because of the complexity of real fluid behaviour modelled with non-linear equation of State (EoS), such as PR-

EoS, and the underlying computational demanding isoenergetic-isochoric flash (UVn) algorithm in the multi-phase 

flow simulations [21, 22], a more simplified and efficient tabulated phase equilibrium method is proposed in this 

work. It is based a bijective look-up table linking (𝜌, e) and (𝑇, 𝑃) generated using a robust isothermal isobaric 

(TPn) flash [4, 20]. In the tabulation, the mixture density (𝜌) and specific internal energy (𝑒) are computed as 

𝜌 = ∑ 𝛼𝑝𝜌𝑝 and 𝑒 = ∑ 𝛼𝑝𝜌𝑝𝑒𝑝 𝜌⁄ , respectively; where 𝛼𝑝 denotes the volume fraction of phase 𝑝 (𝑝 = 1 is liquid 

phase, 𝑝 = 2  is gas phase). The simplistic inverse-distance weighting (IDW) [29] method is used for three-

dimensional (3D) tabulation. This method is based on the assumption that the attribute value of unsampled point 

is the average weight of known values in the neighbourhood, and the weight is inversely related to the distances 

(d) between the prediction location and sampled locations. As a first step, only the two-component mixtures are 

considered and the 3D-Tabulation inputs are temperature, pressure, and mass fraction (𝑇, 𝑃, 𝑌). Taking one-

dimension (i) as an example, the unknown values 𝐹(𝑆𝑖
∗) at the locations 𝑆𝑖

∗ are interpolated linearly based on the 

values of sampled locations (𝑆𝑖), as follows,  
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2.3 Real-fluid multicomponent VLE tabulation 

In this work, the multicomponent vapor-liquid equilibrium (VLE) table is generated using a thermodynamic solver 

developed by Yang et al. [4] in the in-house code, IFP-C3D [30]. The algorithms summarized below follow two 

steps: (A) The phase state at each group of temperature, pressure and feed is determined based on the phase 

stability analysis or Tangent Plane Distance (TPD) [31]; (B) A robust isothermal-isobaric (TPn) flash [22] coupled 

with PR EoS is performed to compute the thermodynamic equilibrium internal energy, density and composition of 

each phase, as well as the necessary derivatives, such as the sound speed, and the transport properties. 

3. Description of the droplet evaporation and mixing test case 

Although many studies have been conducted to examine the droplet evaporation behaviors under static and 

convective conditions [5,32-34], effects of ambient conditions on the droplet dynamics have not yet been well 

reported especially for the extreme conditions higher than the fuel critical point. Therefore, the current HEM model 

considering the multidimensional flow motions is applied to gain a thorough examination of underlying droplet 

behaviors during its lifetime. This droplet lifetime includes the dynamic deformation, evaporation, and transition 

from subcritical to supercritical with respect to the critical point of mixture. For simplicity, only nitrogen is 

considered in the initial ambient to avoid reaction. The droplet is composed of almost pure n-dodecane, the mass 

fraction is 0.999999, the initial temperature is 363 K. The detailed information is listed as in Table 1. In Case 1,  
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the droplet is assumed stagnant in a relatively low temperature condition of 700 K, the ambient pressure is 62 bar. 

The droplet diameter in Case 1 is around 38 µm [7]. In Cases 2 and 3, the ambient temperature and pressure are 

much higher than the critical points of n-dodecane. The initial droplet diameter and velocity in the experimental 

observations are around 60 𝛍𝐦 and 0.2 m/s. In order to investigate the effects of velocity on the moving droplet 

performance, one case with high velocity of 2 m/s is simulated. The simulation is carried out in box (0.3 × 0.3 × 

0.3 mm) in Case 1 and a periodic canal (0.5 × 0.32 × 0.32 mm) in Case 2 to 4, with a uniform mesh size equal to 

3 µm. DNS simulations are therefore performed (without turbulence subgrid scale model) because of the small 

Reynolds number as estimated in Table 1 (𝐑𝐞𝐠 =  𝛒𝐠𝐮𝐝𝐃𝐝 𝛍𝐠⁄ , 𝛒𝐠 and 𝛍𝐠 are gas phase density and viscosity). 

 

Table 1. Test cases parameters 

 𝑃𝑔 (bar) 𝑇𝑔 (K) 𝑇𝑑 (K) 𝐷𝑑 (μm) 𝑢𝑑 (m/s) 𝑌𝐶12𝐻26 Reg 

Case 1 62 700 363 38 0.0 0.999999 0 
Case 2 88 1000 363 60 0.2 0.999999 9 
Case 3 102 1200 363 60 0.2 0.999999 9 
Case 4 102 1200 363 60  2  0.999999 86 

 

3. Results and discussions 

The results are organized as follows. Section 3.1 provides the qualitative verification for the proposed model in 

which the subcritical evaporation behaviors of isolated droplets are discussed. The phase state is observed based 

on the Tangent Plane Distance (TPD) information. Then in Section 3.2, a thoroughly thermodynamic analysis is 

carried out to better understand the transition from subcritical to supercritical regimes. Finally, conclusions will be 

presented in section 3.3. 

 3.1 VLE-diagram for n- dodecane/nitrogen mixture 

A thorough equilibrium thermodynamic analysis for the n-dodecane/nitrogen phase change is performed in this 

Section. Figure 2 displays different thermodynamics’ information. First, assuming the mixing between fuel and 

ambient gas to occur adiabatically, the mixture enthalpy (𝐻𝐴𝑀) at constant pressure can be expressed as [3], 

𝐻(𝑇𝐴𝑀 , 𝑃) =  𝑧𝑁2 𝐻𝑁2(𝑇𝑁2, 𝑃) + (1 − 𝑧𝑁2) 𝐻𝑓(𝑇𝑓 , 𝑃) (6) 

where H and 𝑧𝑁2 are the specific molar enthalpy and nitrogen mole fraction. Here, (𝑇𝐴𝑀) is the adiabatic mixing 

temperature (also denoted AMT), which is the unknown of Eq. (6). It is computed using a HP flash [36]. In single-

phase state, the obtained 𝑇𝐴𝑀 is termed as “frozen temperature”, (𝑇𝐹 , see the green curve in Figure 2). On the 

other hand, in two-phase states, the obtained 𝑇𝐴𝑀 is termed as, (𝑇𝐸 , see the red curve in Figure 2) when phase 

change is considered. Generally, the “frozen temperature”, 𝑇𝐹, is lower than the equilibrium one 𝑇𝐸  considering 

phase change. This is due to the well-known latent heat of vaporisation. As the ambient temperature increases, 

the difference between 𝑇𝐹  and 𝑇𝐸  decreases like the latent heat of vaporisation. Indeed, at 700 K (Case 1), the 

maximum difference between 𝑇𝐹  and 𝑇𝐸  is as large as 60 K in the region where zN2 is in the range (0.5 – 0.93), as 

shown in the images in Figure 2(a). On the contrary, as the ambient temperature is increased to 1200 K (Case 3), 

the gap between 𝑇𝐹  and 𝑇𝐸  decreases to less than 20 K. 

In this work, all the scattered (blue) points depicted in Figure 2 are the numerical simulation results (Cases 1 and 

3), which are obtained using the above tabulation method coupled to the HEM model (Eqs. (1)-(4)). The above 

numerical results accuracy in terms of 𝑇𝐸 , as shown in Figure 2 demonstrate the correctness of the model [20]. 

Indeed, the scattered (blue) points are very close to the equilibrium temperature 𝑇𝐸  curve, even though the 

internal energy rather than the total energy is transported in Eq. (4). It means that for the present simulations, the 

HEM model with internal energy is accurate enough to predict the mixing temperature evolution for evaporating 

droplets under Diesel conditions. 

Figure2 also displays the T-x VLE diagram for n-dodecane/nitrogen mixture at 62 bar and 102 bar (Case 1 and 3) 

that was obtained from TP-flash [36]. The right (orange) dew line is the liquid phase equilibrium curve; the left 

(blue) bubble line is the gas phase equilibrium curve. The merge point of the two VLE lines is the mixture critical 

point (𝑇𝑐,𝑚𝑖𝑥 , 𝑧𝑐,𝑚𝑖𝑥). It is important to note that the two intersections resulting from the VLE lines and the AMT 

lines define the gas–liquid interface. Indeed, the intersection with the VLE liquid phase line defines the inner 

boundary of the interface (close to the liquid droplet core); and the intersection with VLE gas phase defines the 

outer interface boundary (close to the ambient gas). The area between the two intersections shows the range of 

N2 concentration inside the two-phase interface. On the left side of the interface region, only liquid is present. In 

Case 3 for instance (Figure2(b)), up to 10% N2 is dissolved in the liquid phase. While on the right side of the 

interface region, only gas is present and n-dodecane condensation cannot happen with a concentration less than 

about 15%. 
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3.2 Subcritical evaporation behaviours 

Figure 3 depicts the time evolution of droplet evaporation behaviours under three conditions (Case 1 – 3, see 

Table 1). The numerical results in terms of density distribution at 0.1ms and 1ms are compared with the images 

(diffused back illumination) from Crua et al. [7]. The density distribution is displayed in the centre cut-plane of the 

droplets. In Case 1, the initial n-dodecane droplet diameter is set as 38μm based on the experimental observation 

[7]. Although, the droplet surface tension may have significant effects on the droplet deformation in such cool 

condition (700K), it has not been considered yet in our present model. This is the reason why the velocity is 

assumed negligible in this case to avoid non-physical droplet deformation. As the gas phase temperature 

becomes higher than 1000K (Cases 2 and 3), the droplet temperature at the outer interface boundary (as defined 

above in Figure 2(b)) rapidly increases close to 𝑇𝑐,𝑚𝑖𝑥  where surface tension almost vanishes. Therefore, the 

droplets velocity effects have been investigated under such high temperature by ignoring surface tension for Case 

2 and 3. As a result, the n-dodecane droplet moving velocity is set as 0.2 m/s in Cases 2 and 3 in consistence 

with the experimental measurement [7]. 

 

 

Figure 3. The evaporation behaviour of n-dodecane droplet under different ambient conditions. Comparison of the density 

distribution with the images from Crua et al. [7] (a) time = 0.1ms. (b) time = 1ms. 

 

Because of the results presented in Figure 3, it was possible to obtain a good qualitative agreement between the 

experimental data and the predictions of the current HEM model. After the introduction of the droplet into nitrogen 

conditions (t = 0.1ms), a n-dodecane vapor boundary layer is formed at the droplet surface, and apparent 

  
(a) Case 1: 𝑇𝑔 = 700 K, 𝑃𝑔 = 62 bar (b) Case 3: 𝑇𝑔 = 1200 K, 𝑃𝑔 = 102 bar 

Figure 2. Temperature-composition phase diagram for N2 − C12H26 mixture with frozen (𝑇𝐹) and equilibrium (𝑇𝐸) mixing 

temperature. Scattered data depicts the thermodynamic states obtained from the HEM model with tabulation approach. 
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expansion behaviours are visible. The evaporation proceeds continuously, and all three droplets remain almost 

spherical, as shown in Figure 3, except in the 1200K where the droplet starts its deformation as in the 

experiments. Better initialization of the droplet should be improved to avoid this problem. After 1 ms, different 

behaviours are obtained for three cases, as shown in Figure 3(b). Case 1 remains spherical. However, for the 

moving droplets (cases 2 and 3), since the droplet centre with high density possesses large momentum and 

moves faster than the adjacent vapor, the droplets deform to an olive shape at 1 ms, which are similar to the 

experimental observations.  

The evaporation characteristics are further studied by plotting the  temperature, density, and TPD phase stability 

index contours, respectively, as Figure 4 under 1200 K and 102 bar (Case 3). Initially, the droplet remains 

spherical and then deforms progressively to an olive shape at 1ms. The density distribution exhibits distinct 

features from temperature distribution, indicating that the Lewis number associated with thermal and mass 

diffusion rates are not equal one. Also, no circulating eddy is found in the wake of droplet due to the low droplet 

velocity. The phase state is identified by the Tangent Plane Distance (TPD) index [4]: TPD = 0, 1, 2 correspond to 

single phase gas, single phase liquid and two-phase state, respectively. At initial time, the ambient is in pure gas 

state with TPD = 0 and the droplet is in pure liquid state with TPD = 1. Then, a two-phase diffused interface 

appears, as depicted by the red colour (TPD = 2) at t = 0.1 ms. Indeed, as the evaporation evolves, the droplet 

periphery changes to two-phase state. However, the droplet core is still in single-phase liquid state at 0.1 ms. 

Then, after t = 0.5 ms, single-phase liquid (TPD = 1) disappears, and the maximum density decreases from 630 to 

410 kg/m
3
 because more than 10% N2 has dissolved in the liquid phase, as has been discussed above with 

Figure 2(b). At time t = 1 ms, the density of the two-phase droplet core has decreased further to 150 kg/m
3
 

because of the evaporation of n-dodecane and the diffusion of nitrogen. These diffusion processes are clearly 

promoted in the droplet wake, especially at t = 1 ms, as the droplet deforms to an olive shape. Finally, the 

evaporation seems to proceed until completing the entire evaporation of the liquid from two-phase core.  

 

 

Figure 4.  Distribution of density, temperature, and TPD (in the central cut-section) for the evaporating n-dodecane droplet 

 with moving velocity of 0.2 m/s under 1200 K and 102 bar (Case 3). TPD=0 for gas; TPD=1 for liquid; TPD=2 for two-phase. 

 

An additional test Case 4 has been simulated using a higher droplet initial velocities of 2m/s to investigate the 

effects of forced convection on the droplet dynamics and evaporation at the same condition as Case 3. In this 

study, various distinct phenomena can be highlighted from Figure 5. Primarily, the droplet deformation is 

substantially enhanced by the increased initial droplet momentum and the induced relative velocity between gas 

and liquid. The induced strong shear stress has led to a prompt breakup of liquid droplet. Also, As its obvious, the 

surface tension of the droplet comes to zero by growing the temperature of the droplet. Hence, the weber number 

of the droplet moves to infinity. As it has mentioned in the experimental study of Crua et al,  We can observe that 

the droplet rapidly deforms, and  it may experience an aerodynamic breakup process as bag breakup like. 
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Figure 5.  Density profile for the evaporation droplet of n-dodecane with moving velocity of 2m/s under 1200 K and 102 bar. 

Secondly, the droplet lifetime is much shorter than in by increasing the velocity. This is because the droplet 

breakup increases the interface area exposed to the hot ambient gas, thus it increases the evaporation rate. 

Thirdly, the evaporation rate is also enhanced by convective effects. Indeed, a thinner vapour layer near the 

droplet surface may be seen by increasing of the velocity. 

 

3.3 Transcritical droplet behaviours 

To get more insights into the thermodynamic behaviours of dodecane-nitrogen droplets three typical T-x diagrams 

are presented in Figure 6. They particularly focus on the phase state evolutions including the two-phase path, the 

single-tangent path, and the supercritical path. At the typical Spray A condition (60 bar and 900 K), the liquid 

droplet with the initial temperature of 363 K, is in single liquid-phase state for a while, and then it will transit to the 

two-phase state for most of its lifetime. In addition, as can followed up in the two-phase path in Figure 6(a), the 

droplet may evaporate completely if its temperature reaches a value higher than 550 K (temperature at the 

intersection of AMT curve with dew line). This is the first path to transit to the supercritical mixing state. The 

second path is when the droplet temperature 𝑇𝑑 is greater than 670 𝐾, (see Figure 6(a)). In this case, the droplet 

begins with single-liquid-like state. As the diffusion proceeds it goes through the mixture critical point (denoted as 

C.P) by tangent plane and then evolves to single-gas-like state. Here, we define this droplet temperature as a 

transcritical temperature 𝑇𝑡𝑟𝑎𝑛𝑠_𝑑𝑟𝑜𝑝𝑙𝑒𝑡 for the corresponding condition (60 𝑏𝑎𝑟 and 900 𝐾). As the initial droplet 

temperature is larger than 𝑇𝑡𝑟𝑎𝑛𝑠_𝑑𝑟𝑜𝑝𝑙𝑒𝑡 , for instance 703 𝐾 (see Figure 6(a)), the droplet transits from liquid-like to 

gas-like state directly without two-phase zone. As the ambient temperature and pressure increase, for instance to 

1400 𝐾 and 140 𝑏𝑎𝑟, the transcritical temperature 𝑇𝑡𝑟𝑎𝑛𝑠_𝑑𝑟𝑜𝑝𝑙𝑒𝑡  reduces, as shown in Figure 6(b). Noteworthy, 

𝑇𝑡𝑟𝑎𝑛𝑠_𝑑𝑟𝑜𝑝𝑙𝑒𝑡 is very close to 𝑇𝑐,𝑚𝑖𝑥. As the maximum temperature and pressure in the large diesel engines are 

close or even larger than 2000K and 250bar, the transcritical temperature 𝑇𝑡𝑟𝑎𝑛𝑠_𝑑𝑟𝑜𝑝𝑙𝑒𝑡 may reduce to lower than 

500K, following 𝑇𝑐,𝑚𝑖𝑥. In such conditions, the spray is easy to transit to gas-like state, which may decrease liquid 

jet penetration significantly. 

  
a) 𝑇𝑔 = 900 K, 𝑃𝑔 = 60 bar  b) 𝑇𝑔 = 1400 K, 𝑃𝑔 = 140 bar 

Figure 6.  Temperature-composition diagram for N2 − C12H26 mixture with frozen (𝑻𝑭) and equilibrium (𝑻𝑬) mixing 

temperature. Scattered data depicts the obtained data from the HEM model with tabulation approach. 
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3.4 Conclusions 

A fully compressible multicomponent homogeneous equilibrium model (HEM) with a real-fluid equilibrium solver is 

developed. The phase change quantity as well as real-fluid thermal and transport properties are computed 

efficiently with a bijective tabulation method. The model predictions are validated qualitatively with the 

experimental observations. According to the numerical results, significant findings are obtained. 

1. Classical evaporation is an important feature of a droplet in low and mild ambient temperature conditions. The 

droplet continuously evaporates with spherical shape. 

2. As the ambient temperature and pressure increases above 1200K and 60bar, the moving droplet 

demonstrates significant deformations with the evaporation progressing, and deforms to olive shape, or even 

be shattered into fragments. This pertains to the droplet moving velocity, however it is still in the two-phase 

state based on the phase stability TPD method. In this condition, it can be concluded that the droplet is still in 

the subcritical evaporation regime. 

3. The criterion for transition from liquid-like to gas-like state directly without two-phase state is provided and 

determined based on the ambient conditions as well as the initial (or possible transient) liquid temperature 

under diverse ambient conditions. These conditions will further be discussed in future works. 
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