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Abstract 9 

 To investigate hydrotreated vegetable oil (HVO) droplet evaporation characteristics under 10 

sub/trans/supercritical conditions, surrogate HVO droplet evaporation experiments were 11 

conducted under high temperatures (573-873 K) and pressures (0.1-2.0 MPa), and 12 

thermodynamic and physical properties were analyzed. The result reveals that HVO surrogate 13 

fuels have a lower density, surface tension, and boiling point, allowing better evaporation 14 

characteristics than diesel. HVO surrogate fuels exhibit shorter droplet lifetimes and higher 15 

evaporation rates than diesel under all ambient conditions. Among HVO surrogate fuels, 16 

HVO:C15-C18/isododecane has the shortest droplet lifetimes because adding iso-dodecane 17 

reduces the initial heating period due to a lower boiling point. It was found that the evaporation 18 

characteristics are affected by not only the boiling point but also fuel compositions and 19 

thermodynamic properties such as thermal conductivity, latent heat of vaporization, and 20 

specific heat of gas. Critical points (Tc, Pc) are important indicators for selecting evaporation 21 

conditions. Increasing temperature decreases droplet lifetime and increases the evaporation rate 22 

due to high heat transfer from the ambient gas. However, the effect of pressure on droplet 23 

lifetime relies on ambient temperature (Tamb). As pressure increases, droplet lifetime increases 24 
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at Tamb< Tc and decreases at Tamb> Tc. Increasing pressure at Tamb ~Tc has no significant effect 25 

on droplet lifetime. 26 

Keywords: Hydrotreated vegetable oil; Droplet evaporation; Multicomponent fuel; Diesel 27 

engines; High temperatures and pressures, Critical point  28 

1. Introduction 29 

Due to the increasing global warming issues, researchers have been committed to using 30 

renewable fuels for reducing carbon-based emissions in transportation, energy, and industrial 31 

sectors. It was reported that CO2 emissions from industry, transportation, and power plants 32 

account for more than 80% of global CO2 emissions[1] while the use of fossil fuels with 33 

combustion engines remains dominant until 2035. In Europe, it is strongly recommended to 34 

use renewable fuels in ICE-powered vehicles as a measure to comply with future emission 35 

targets and the Energy Directive which requires to fulfill at least 32% of its total energy needs 36 

with renewable energy by 2030[2]. Recently, hydrotreated vegetable oil (HVO) has attracted 37 

attention as a transport fuel from the viewpoint of environmental impact.  38 

HVO is produced from vegetable oils, waste cooking oil, lignocellulosic material, algae 39 

lipids, and residue fat fractions coming from food, fish processing, and slaughterhouse 40 

industries[3]. HVO can be blended with diesel and used with compression ignition (CI) engines 41 

without hardware modifications, thus allowing direct CO2 emission reduction from existing 42 

and new vehicles[2]. HVO has a higher heating value (43.86 MJ/kg) compared to diesel (42.60 43 

MJ/kg)[4]. This indicates that the mass-based fuel consumption of HVO combustion is lower 44 

than that of diesel combustion. Unlike diesel, HVO contains mostly normal- and iso-alkane 45 

mixture without the composition of cycloalkanes and aromatics, resulting in a high cetane 46 

number and low soot tendency which is more suitable for CI engines[5,6]. Moreover, due to 47 

the isomerization process, the main issue of HVO associated with its poor low-temperature 48 

properties including high pour point, high cloud point, and high cold filter plugging point 49 
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(CFPP) can be adjusted according to regional and seasonal weather[3,7], therefore making 50 

HVO more beneficial and attractive compared to biodiesel.  51 

Figure 1 illustrates the distillation curves of EN590 diesel, fatty acid methyl esters (FAME), 52 

HVO, and HVO-diesel blend. This curve indicates how each fuel evaporates at various 53 

temperatures under atmospheric pressure. HVO has a flatter distillation range compared to 54 

EN590 diesel. Initially, HVO has a higher initial distillation temperature than diesel due to the 55 

lack of light-end components with lower boiling points which are necessary for engine start-56 

up[8]. However, at the latter stage, HVO exhibits a lower distillation temperature than diesel. 57 

This indicates that HVO contains more heavy-end components with lower final boiling points, 58 

thus leading to faster evaporation, shorter droplet lifetime, complete combustion, and tailpipe 59 

emission reduction[6]. FAME has the worst distillation characteristics due to heavier 60 

components while adding 30% HVO into EN590 diesel enhances the distillation characteristics 61 

compared to pure diesel. 62 

 63 

Fig. 1. Distillation curves of EN590 diesel, FAME, HVO, and HVO-diesel blend[8]. 64 

Spray characteristics, combustion, engine performance, and emissions of HVO have been 65 

investigated. For instance, Kim et al. investigated engine performance and emission 66 

characteristics of biodiesel (B100), HVO, and iso (isomeric)-HVO in light-duty diesel 67 

engines[5]. It was highlighted that iso-HVO yielded better engine power and fuel efficiency 68 

than B100 and HVO due to its higher cetane value, and calorific value. Iso-HVO and HVO 69 

emitted less HC and CO and a similar level of NOx and PM compared to diesel, B100, and 70 
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biodiesel-diesel blends. The emission characteristics of five city buses fueled with EN590, 71 

HVO, FAME, and gas-to-liquid fuel (GTL) were investigated by Murtonen et al.[9]. The result 72 

showed that PM was reduced by 30-51% when running on paraffinic fuels (GTL and HVO). 73 

Recently, Han et al. investigated the ignition and combustion characteristics of hydrotreated 74 

pyrolysis (HPO), HVO, and diesel[10]. They found that the ignition delay followed the order 75 

of HVO < diesel < HPO. Blending HPO into HVO resulted in identical ignition and combustion 76 

behavior to diesel. It was suggested that HPO and HVO can be used to fuel modern marine 77 

engines to provide power to future mobility. Li et al investigated the combustion characteristics 78 

of HVO, ultra-low sulfur diesel (ULSD), and tallow methyl ester (TME) at different ambient 79 

temperatures using a constant-volume vessel [11]. Similarly, HVO had the shortest ignition 80 

delay, thus resulting in the longest combustion duration due to the highest cetane number while 81 

ULSD had the longest ignition delay. Under tested conditions, the combustion duration of HVO 82 

increased with increasing temperature while the combustion duration of HVO30, TME, and 83 

their blends initially decreased to the lowest value at 560℃ and then increased as temperature 84 

further increased. Hulkkonen et al. investigated the spray characteristics of HVO and diesel 85 

using a high-pressure injector[12]. The result revealed that HVO yielded a larger spray cone 86 

angle (SCA) compared to diesel, due to its lower viscosity and density. Bohl et al. also found 87 

that HVO exhibited a slightly larger SCA and a shorter spray penetration than diesel. [13].  88 

Understanding multi-component droplet evaporation is crucial to optimizing the 89 

combustion of internal combustion engines, gas turbines, boilers, and liquid rocket engines. If 90 

fuel droplets are not evaporated in a timely manner, several issues such as incomplete 91 

combustion, knocking and high emissions may occur[14]. Faster evaporation of fuel droplets 92 

leads to a faster burn rate, which results in complete combustion, and low emissions[15]. Some 93 

researchers have experimentally investigated the evaporation characteristics of biodiesel and 94 

diesel[16,17] and biodiesel-ethanol blends [18] while both experimental and numerical studies 95 
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on droplet evaporation at high ambient temperature and pressure conditions have been 96 

conducted[19–21]. However, the study on HVO droplet evaporation has not been reported as 97 

far as the authors know while the droplet evaporation experiments under sub/supercritical 98 

conditions are inadequate. Therefore, in this study, HVO droplet evaporation is investigated 99 

under high temperature and pressure conditions. Thermodynamic and physical properties 100 

analysis and evaporation characteristics as well as the effects of temperatures and pressures on 101 

droplet evaporation are presented. This finding is significant for optimizing fuel injection 102 

strategies and the combustion efficiency of heavy-duty engines operated under various in-103 

cylinder conditions. 104 

2. Experimental methods 105 

2.1 Fuel preparation 106 

HVO surrogate mixtures having similar physical properties to diesel were formulated based 107 

on the components found in Gas Chromatography. Generally, HVO contains mostly four main 108 

n-alkanes such as n-pentadecane, n-hexadecane, n-heptadecane, and n-octadecane, which are 109 

commercially available hydrocarbons[5]. Iso-alkanes: isooctane and isododecane were added 110 

individually to resemble and match the physical properties of an algal HVO[7]. Three HVO 111 

surrogate mixtures were formulated based on the mass fraction determined in Ref [22], as listed 112 

in Table 1. For example, HVO:C15-C18/isododecane contains 9.30, 13.80, 26.50, 19.30, 31.10% 113 

of n-C15H32, n-C16H34, n-C17H36, n-C18H38, and iso-C12H26, respectively. Using Eq. (3.1), the 114 

averaged chemical formula of HVO:C15-C18/isododecane can be described as C15.31H32.61[23], 115 

which is close to the chemical formula estimated by Lapuerta et al.[7].  116 

x, y = MWHVO × (%X,Y) ×(1/100) ×(1/aC,H)  (3.1)  117 
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where x and y are carbon (C) and hydrogen (H) atoms number, MWHVO: molecular weight 118 

calculated based on mass fraction, %X and %Y: atomic mass percentage, and aC,H: molar mass 119 

of carbon and hydrogen  (g/mol). 120 

Table 1. Components for HVO surrogate mixtures used in this study 121 

  component (% mass fraction) 

Fuel name n-C15H32 n-C16H34 n-C17H36 n-C18H38 iso-C8H18 iso-C12H26 

HVO:C15-C18 13 20 39 28 0 0 

HVO:C15-
C18/isooctane 

13.13 19.54 37.7 27.4 2.23 0 

HVO:C15-
C18/isododecane 

9.3 13.8 26.5 19.3 0 31.1 

iso-C12H26: 2,2,4,6,6-pentamethyl heptane (iso-dodecane) 
iso-C8H18: 2,2,4-trimethylpentane (iso-octane) 

Table 2 lists the properties of pure hydrocarbons such as n-C12H26,  C15-C18 alkanes, iso-122 

C8H18, and iso-C12H26. Lighter components have a lower density, viscosity, boiling point, and 123 

surface tension than heavier components. For example, n-C12H26 has a lower boiling point than 124 

n-C18H38. This indicates that adding n-C12H26 lowers the boiling point of the HVO surrogate 125 

mixture, which enhances the evaporation characteristics. It is also observed that iso-C12H26 has 126 

a lower boiling point, flash point, melting point, and surface tension than n-C12H26. Therefore, 127 

the presence of iso-alkane in the HVO surrogate mixtures improves not only evaporation and 128 

combustion characteristics but also cold-flow characteristics. Properties such as boiling point, 129 

molecular weight, and specific gravity are used to calculate the averaged boiling point and 130 

critical properties of HVO surrogate fuels in section 2.2. 131 

Table 2. Properties of each pure hydrocarbon 132 

Properties Unit n-
C12H26 

n-
C15H32 

n-
C16H34 

n-
C17H36 

n-C18H38 iso-
C8H18 

iso-C12H26 

Density @ 
20℃  

g/cm3 0.749 0.768 0.773 0.778 0.782 0.692 0.7415 

Viscosity@25
℃ 

mm2/s 1.98 2.558 3.063 3.607 N/A 0.467 1.77 @ 
20°C 

boiling point ℃ 216.3 270 286.9 302 316.3 99.2 177.8 

flash point ℃ 71 132.2 135 149 154-166 -12 45 

melting point ℃ -9.55 9.9-15 18 22-24 28-30 -107 -67 
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Molecular 
weight 

g/mol 170.34 212.42 226.47 240.47 254.50 114.23 170.34 

Specific 
gravity 

- 0.750 0.770 0.773 0.777 0.782 0.692 0.740 

Surface 
tension @ 
25℃ 

 mN/m 24.69 26.68 27.09 27.52 N/A 18.32 21.6 @22 °
C 

 133 

2.2 Critical properties calculation 134 

The critical temperature (Tc) of a pure substance is the temperature above which the vapor 135 

of the substance cannot be liquefied, no matter how much pressure is applied while the critical 136 

pressure (Pc) is the minimum pressure required to liquefy a gas at its critical temperature. 137 

Liquid and gas cannot coexist at any temperature if ambient pressure is higher than critical 138 

pressure [24]. For combustion optimization, it is significant to understand the evaporation 139 

characteristics of a single droplet at conditions below and above critical conditions. Critical 140 

pressures and temperatures are not usually measured for hydrocarbon mixtures and must 141 

therefore be estimated from correlation. The Tc and Pc of HVO surrogate mixtures were 142 

calculated using a simple Riazi-Daubert correlation as expressed in Eq. (3.2) [25]. Yu et al. 143 

used this correlation to determine the critical properties of some Jet fuels and obtained 144 

satisfactory predictions of the critical temperatures of the petroleum-derived jet fuel[26]. Thus, 145 

the following  Riazi-Daubert correlation was also applied to estimate the Tc and Pc of HVO 146 

surrogate fuels. 147 

 θ = a[exp(bθ1 + cθ2 + dθ1θ2)] θ1
e θ2

f                     (3.2) 148 

In Eq. (3.2), θ represents the properties to be determined such as Tc, in [˚R], and  Pc in [psia]. 149 

The determined properties were then converted to SI units. θ1 and θ2 refer to two parameters 150 

corresponding to each property. Pairs of components: boiling point (Tb) and molecular weight 151 

(MW) in g/mol, or MW and specific gravity (SG) are used to replace θ1 and θ2. a, b, c, d, e, and 152 

f are correlation constants. Appendix A lists the constants used in Eq. (3.2). For mixtures 153 

containing iso-alkane, only correlations with pair of parameters (Tb, SG) can be applied 154 
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because the boiling points of iso-alkane and n-alkane are different. The average MW, SG, and 155 

Tb of HVO surrogate mixtures were calculated based on the mass fraction of each component 156 

using Eq. (3.3). The detailed calculations are described in Appendix B. 157 

 𝐴 ൌ ∑ 𝑥௪௜𝐵௜
ே
௜ୀଵ                                      (3.3) 158 

Where A refers to MW, SG, or Tb of mixtures,  xwi = wi/wtot is the mass fraction of the species 159 

i  in an HVO surrogate mixture, and Bi represents MW, SG, or Tb of the species i.   160 

2.3 Thermodynamic and physical properties analysis 161 

Table 3 lists the thermodynamic properties of pure hydrocarbons. Generally, a higher 162 

boiling point leads to a longer initial heating period and prolongs the droplet lifetime[27]. This 163 

indicates that the droplet lifetime is longer for heavier hydrocarbons. Critical points (Tc, Pc) are 164 

important indicators for selecting the evaporation conditions of a fuel. For example, iso-C12H26 165 

has a lower boiling point (Tb = 450.80 K) and critical temperature (Tc = 652.25 K) with slightly 166 

higher critical pressure (Pc = 19.2 bar) compared to n-C12H26 (Tb = 489.47 K, Tc = 658.20 K, 167 

and Pc = 18.24 bar), which indicates that evaporation characteristics are enhanced, and broader 168 

efficient evaporation conditions can be obtained under actual combustion process. The 169 

coupling effect of Tc and Pc on evaporation characteristics is further discussed in section 3.3 170 

while the thermal conductivity (λ) and specific heat (Cp) of each fuel are used to support the 171 

discussion of evaporation characteristics of HVO surrogate fuels in section 3.2. 172 

Table 3. Thermodynamic properties of pure hydrocarbons 173 

Properties iso-C8H18 iso-C12H26 n-C12H26 n-C15H32 n-C16H34 n-

C17H36 

n-

C18H38 

Tb [K] 372.2 450.80* 489.47 543.83 560.01 575.30 589.86 

Tc [K] 544.0 652.25 658.20 706.80 720.60 733.37 745.26 

Pc [bar] 25.6 19.2 18.24 15.20 14.19 13.17 12.14 

λL @ 30℃ [W/m K]  0.09899 0.12462** 0.13567 0.13935 0.13975 0.14414 0.14968 

CpL @ 30℃ [J/(g K)] 2.04392 2.10357** 2.22177 2.22445 2.22864 2.30719 2.29681 
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λL/CpL [g/m s] 0.04843 0.05924 0.06107 0.06265 0.06271 0.06248 0.06517 

*: Value calculated based on molecular structure using Ambrose and Townsend correlation[28] 
**: Value calculated based on group contribution using Latini et al. correlation[29]. 
λ  and Cp are calculated based on the correlation described in Chemical Properties Handbook[30]. 

Table 4 lists the properties of HVO fuels and diesel. Compared to diesel, HVO:C15-C18 174 

exhibits lower density and surface tension but much higher viscosity. However, after adding 175 

branching alkane (isooctane and isododecane), density, viscosity, and surface tension are 176 

lowered, allowing HVO:C15-C18/isododecane to exhibit similar physical properties to algal 177 

HVO. The critical temperature and pressure of HVO surrogate fuels were calculated using Eq. 178 

(3.2). It can be observed that the range of critical temperatures for these fuels is narrow, even 179 

though the boiling point range is wide, providing guidance for determining evaporation 180 

conditions. The average boiling point and Tc of HVO:C15-C18/isododecane are lower compared 181 

to other HVO surrogate fuels while Pc is higher. This suggests that HVO:C15-C18/isododecane 182 

is likely to exhibit better spray and evaporation behaviors compared to other HVO surrogate 183 

fuels under the same conditions. The lower boiling point and critical temperature contribute to 184 

these enhanced spray and evaporation behaviors. 185 

Table 4. Properties of HVO fuels and diesel 186 

Properties Density 
at 15℃ 

Viscosity   
at 40℃ 

Surface tension 
at 20℃ 

Boiling point 
rage (Tb) 

Tc 

 
Pc 

  g/mL mm2/s mN/m ℃ K bar 
Diesel (D2) 0.842a 2.84a 28 174-360 

 
726a 20.90a 

Algal HVO 0.772 2.3 24.6 ± 0.3 180-320 - - 

HVO:C15-C18 0.7768 3.23 - 271-317 
(299.23b) 

730c 12.90c 

HVO:C15-
C18/isooctane 

0.7752 3.13 24.5 99-317 
(294.64b) 

726c 13.05c 

HVO:C15-
C18/isododecane 

0.7684 2.37 24.1 ± 0.4 178-317 
(261.35b) 

701c* 14.45c 

a: values obtained from Ref [31] 
b: average boiling point calculated based on the mass fraction using Eq. (3.3) 
c: value calculated based on Riazi-Daubert  Correlation in Ref [25] 
*: critical temperature calculated based on Tb and SG obtained from Eq. (3.3) 

 187 
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2.4 Experimental apparatus and test conditions 188 

The schematic of the experimental apparatus for droplet evaporation test is shown in Fig. 189 

2. The pressure vessel (inner diameter: 100 mm; inner height: 229 mm) was made of extra 190 

super Duralumin (JIS A7075). The top cover of the vessel was equipped with a temperature-191 

controlled hot chamber (upper) and droplet generation and sliding mechanisms (lower), as 192 

shown in Fig. 2a. The whole top cover assembly was attached to the pressure vessel, thus 193 

achieving the same pressure for the droplet generation part and the hot chamber part. The 194 

ambient temperature (Tamb) inside the hot chamber was arbitrarily controlled by a thermal 195 

control unit while ambient pressure (Pamb) was controlled by regulating the pressure inlet valve 196 

connected to the high-pressure N2 cylinder. Before conducting experiments, the vessel was 197 

vacuumed and filled with N2 to observe pure evaporation without a combustion reaction. Then, 198 

a microflow pump was used to deliver fuel to the tip of the glass needle (outer diameter: 40 199 

µm) of the droplet generator. Inside the pressure vessel, the fuel droplet with a diameter in the 200 

range of 500±15% µm was then suspended onto the intersection point of two Al2O3/SiO2 fibers 201 

with a 7 µm diameter as indicated in Fig. 2b. A charge-couple device (CCD) video camera was 202 

used to monitor the droplet generation process. Finally, after droplet generation, the glass 203 

needle was evacuated in preparation for the droplet insertion into the hot chamber via an open 204 

entrance for the droplet suspender holder. The area of the open entrance is small compared to 205 

the bottom surface of the hot chamber so that the heat escape from the hot chamber is as small 206 

as possible. The fuel droplet elevator was equipped with a linear slider-crank mechanism to 207 

reduce the impact on the suspended droplet during the droplet insertion process. The droplet 208 

insertion time to the hot chamber was 0.26 s, corresponding to the traveling distance of 60 mm. 209 

Two high-speed cameras (DITECT, HAS-X) were used to observe the droplet diameter change 210 

during both the droplet generation process and the evaporation process. The images of an 211 

evaporating droplet were captured by the high-speed cameras using the shadowgraph method 212 
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and the recording rate varied between 10 to 250 images/s. Thus, the total number of recorded 213 

images in each test was above 130, which was sufficient to calculate the droplet lifetime and 214 

instantaneous evaporation coefficient. The evaporation tests were conducted at various 215 

temperatures (573-873 K) and pressures (0.1-2.0 MPa).  216 

 217 

Fig. 2. Schematic of droplet evaporation experimental apparatus[32]. 218 

Figure 3 shows the details of the image analysis of this experiment. The droplet diameter 219 

(D) was measured by an in-house computer-aided image analyzer. Each digital image of a fuel 220 

droplet was separated into horizontal line portions with a vertical thickness of 2 pixels. The 221 

average horizontal intensity profiles were computed for each section. The edge of a droplet was 222 

defined as the greatest distance from the suspender at which the gradient of light intensity is 223 

maximum. Then, the detected droplet edges were used to calculate the droplet volume by an 224 

ellipsoidal approximation. Finally, the droplet diameter was defined as the diameter of a sphere 225 

with the same volume. The measurement limit for the droplet diameter was under 0.078 mm, 226 

which corresponded to D2/D0
2 = 0.025. The droplet diameter before and after droplet insertion 227 

into the hot chamber was measured and compared to observe the impact of the irregular shape 228 
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of the droplet. The average error of diameter difference is below 5%[32]. The pressure and 229 

temperature data were recorded to evaluate the measurement uncertainty of the experiment. 230 

The accuracy of the temperature and pressure sensors are ±0.4% and ±0.5% respectively while 231 

the measurement uncertainties for temperature and pressure are consistently less than ±0.5% 232 

and ±1.5% respectively, underscoring the precision reliability of the experiment measurement.  233 

 234 

Fig. 3. Schematics of the image processing method, (a) digital image and (b) processed 235 
image. 236 

Figure 4. shows the definitions of evaporation periods.  The moment when the fuel droplet 237 

was delivered to the hot chamber is defined as time=0 while D0 is the initial droplet diameter 238 

when time=0. The droplet diameter and droplet lifetime were normalized by the initial diameter 239 

squared (D0
2) to reduce initial droplet diameter dispersion. Therefore, the horizontal and 240 

vertical axes represented the normalized droplet lifetime (t/D0
2) and the normalized droplet 241 

diameter (D2/D0
2), respectively. The definitions of periods were divided into a pre-evaporation 242 

period and a droplet evaporation period. During the droplet generation process, some lighter 243 

components in the fuel were affected by the droplet generation part temperature (Tdg). Thus, 244 

D2/D0
2 decreased toward unity before the droplet was delivered to the hot chamber. For 245 

example, at Tamb = 773 K  and Pamb = 0.1 MPa, the D2/D0
2 for HVO:C15-C18/isododecane 246 

decreased toward unity while that for HVO:C15-C18/n-dodecane remained unchanged during 247 

the whole droplet generation process. This was because Tdg = 98-110℃ was closer to the 248 

boiling point of isododecane (Tb = 177.8℃), causing pre-evaporation of isododecane. The 249 
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definitions of periods during the droplet evaporation process were described as follows based 250 

on the periods defined by Hashimoto et al. [27]. 251 

 Droplet expansion period was the initial duration when the droplet absorbed heat and raised 252 

its temperature, yielding maximum droplet diameter due to thermal expansion. 253 

• The initial heating period (ti/D0
2) was defined as the duration between the time when the 254 

droplet was inserted into the hot chamber and the time when the droplet diameter equaled 255 

the initial droplet diameter.  256 

• The period of 95% volume lifetime (tv0.95/D0
2) was defined as the period between the time 257 

when a droplet is inserted in the hot chamber and the time when droplet volume remained 258 

5% of the initial volume, equivalent to D2/D0
2 = 0.136, where the exact time of complete 259 

evaporation could not be found. 260 

• The main evaporation period (tevap/D0
2) was defined to examine the instantaneous 261 

evaporation coefficient (Kinst). This period is defined as the duration starting from the end 262 

of the initial heating period until the intersection between the axis corresponding to D2/D0
2 263 

= 0 and the line extrapolated from D2/D0
2 =0.3 to D2/D0

2 = 0.136.  264 

 265 

Fig. 4. Definitions of evaporation periods. 266 
 267 
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3. Results and Discussion 268 

Normalized droplet lifetime (t/D0
2) and instantaneous evaporation coefficient (Kinst) of 269 

hydrocarbons, HVO surrogate fuels, and diesel are presented accordingly. Moreover, the effect 270 

of pressures and temperatures on evaporation characteristics is discussed in detail. Finally, the 271 

effect of branching alkanes on evaporation is highlighted. All experimental data related to this 272 

study are given in the Supporting Information. Five experiments were conducted under the 273 

same conditions for all fuels to ensure the reliability and consistency of the experimental data. 274 

Notably, the standard deviation of the experimental results derived from the five experiments 275 

is minimal, measuring less than 1% (Appendix C). This signifies high precision and 276 

repeatability in the obtained experimental data. 277 

3.1 Droplet evaporation characteristics 278 

This section presents the droplet evaporation characteristics of hydrocarbons, HVO 279 

surrogate fuels, and diesel. The definitions of periods defined in this study are used to describe 280 

the history of D2/D0
2 change during droplet generation and evaporation processes. During the 281 

droplet evaporation experiment, the bubble formation and evolution were not observed inside 282 

the droplet and the micro-explosion phenomenon did not appear under all temperature and 283 

pressure conditions.  284 

3.1.1 Droplet evaporation characteristics of pure hydrocarbons 285 

Figure 5 shows the normalized droplet diameter (D2/D0
2) history for pure hydrocarbons at 286 

Tamb = 573 K, Pamb = 0.1 MPa during the whole evaporation process. The evaporation test with 287 

n-C18H38 cannot be performed because its melting point is higher than the controlled ambient 288 

temperature in the experimental room while the evaporation test with n-C12H26 is conducted 289 

instead of iso-C12H26 to avoid pre-evaporation.  During the droplet generation process, the 290 

change of D2/D0
2 histories remains unity, which indicates that the droplet evaporation rate is 291 
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very low at droplet generation part temperature (Tdg). This is because Tdg = 50-60℃ @ Tamb = 292 

573 K is much lower than the initial boiling point of tested fuels (Tb > 231℃). During the 293 

evaporation process, the initial heating period is clearly observed for all fuels because the 294 

droplet diameter initially increases due to thermal expansion. Then, the droplet diameter 295 

decreases monotonically during the main evaporation period, following the D2 law. The initial 296 

increase in the droplet diameter was also observed in other studies by Hashimoto et al. [27], 297 

Daho et al. [16], and Morin et al. [33]. It is observed that lighter components exhibit shorter 298 

droplet lifetimes than heavier components. The normalized droplet lifetimes (t/D0
2) for n-299 

C12H26, n-C15H32, n-C16H34, and n-C17H36 are 10.62, 14.79, 16.29, and 18.17 (s/mm2), 300 

respectively. This trend matches the order of the lower boiling point of fuels. For example, n-301 

C12H26 with a lower boiling point has a shorter initial heating period and droplet lifetime than 302 

n-C17H36 with a higher boiling point. 303 

 304 

Fig. 5. History of normalized D2 for pure hydrocarbons during the whole evaporation process. 305 

The instantaneous evaporation coefficient (Kinst) for pure hydrocarbons at Tamb=573 K and 306 

Pamb=0.1 MPa is indicated in Fig. 6. The fluctuation in the Kinst is caused by the image analysis 307 

error. Similarly, the order of Kinst matches the order of the boiling point of each fuel. The 308 

average values of Kinst for n-C12H32, n-C15H32, n-C16H34, and n-C17H36 are 0.1316, 0.1058, 309 

0.1019, and 0.0889 mm2/s, respectively. The evaporation rate of heavier components is lower 310 

than that of lighter components due to the higher boiling point, which generally leads to a 311 



16 
 

longer initial heating period and results in a decreased evaporation rate. This trend was also 312 

observed in a previous study by Naito et al. [32]. They conducted a droplet evaporation 313 

experiment with multicomponent surrogate fuels and found that the Kinst of fuels matched the 314 

order of the higher boiling point. The lower Kinst values correspond to the higher boiling points. 315 

The Kinst of each hydrocarbon slightly decreases during the main evaporation. This is because 316 

the rate of decrease in D2/D0
2 shown in Fig. 5 is not constant as time progresses. 317 

 318 
Fig. 6. Instantaneous evaporation coefficient (Kint) for pure hydrocarbons. 319 

3.1.2 Droplet evaporation characteristics of hydrotreated vegetable oil 320 

Figure 7 illustrates the D2/D0
2 histories for HVO surrogate fuels and diesel during the whole 321 

evaporation process at Tamb = 573-873 K and Pamb = 0.1 MPa. It shall be noted that the t/D0
2 322 

during droplet generation is shortened accordingly to enhance the visibility of the droplet 323 

lifetime during the evaporation process. It is observed that the D2/D0
2 for diesel, HVO:C15-324 

C18/isododecane, and HVO:C15-C18/isooctane decreases toward unity during the droplet 325 

generation process as shown in Fig. 7a-7d. This is because Tdg = 50-130℃ @ Tamb = 573-873 326 

K  is high enough to make some portion of lighter components in diesel, isododecane, and 327 

isooctane evaporated. Droplet lifetimes for all fuels significantly decrease with increasing 328 

ambient temperature. The difference in t/D0
2 becomes relatively small as temperature increases 329 

(Fig. 7b-7d). Under all temperatures, HVO surrogate fuels have shorter droplet lifetimes 330 

compared to diesel. This is expected because the mass fraction of components with low boiling 331 

points for HVO surrogate fuels is higher than that for diesel. In Fig. 7a,  it is observed that 332 
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diesel preferentially evaporates first due to light-end components with lower boiling points as 333 

indicated by a shorter initial heating period compared to HVO:C15-C18 and HVO:C15-334 

C18/isooctane. However, diesel has a longer droplet lifetime due to the heavy-end components 335 

with higher final boiling points, which reduces the evaporation rate during the latter 336 

evaporation process[27]. Among HVO surrogate fuels, HVO:C15-C18/isododecane has the 337 

shortest droplet lifetime because adding isododecane lowers the boiling point of the mixture 338 

and shortens the initial heating period. Moreover, as shown in Fig. 7a and 7b,  two-stage 339 

evaporation can be observed, during which the evaporation rate is dominantly controlled by 340 

the lighter component and the heavier components. Isododecane preferentially evaporates 341 

faster in the early stage before the heavier components start to evaporate in the latter stage. As 342 

temperature increases, the two-stage evaporation degrades and disappears at 873 K. This is 343 

because isododecane (Tb =177.8℃) seems to mostly evaporate during the droplet generation 344 

process under Tdg = 120-130℃ @ Tamb = 873 K. As shown in Fig. 7d, the D2/D0
2 of HVO:C15-345 

C18/isododecane is steeper during the droplet generation process, whereas t/D0
2 becomes 346 

slightly longer compared to that of HVO:C15-C18 during the evaporation process. Ghassemi et 347 

al. conducted a droplet evaporation experiment with a 50% heptane+50% hexadecane mixture 348 

at Tamb =400-700℃ and found that the two-stage evaporation clearly appeared at 400℃, and 349 

eventually became less visible at 700℃ [34]. Similarly, Long et al. established a vaporization 350 

model for multi-component fuels and validated the model using the experimental data obtained 351 

by Ghassemi et al[34]. The model agreed well with the experiment and the two-stage 352 

evaporation was also observed [35]. Overall, it is concluded that the evaporation of HVO:C15-353 

C18/isododecane is more promoted under actual engine operating conditions, where fuel 354 

droplets expose to high temperatures quickly after fuel injection.  355 
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 356 

Fig. 7. History of normalized D2 for HVO surrogate fuels and diesel during the whole 357 
evaporation process. 358 

The Kinst for HVO surrogate fuels and diesel at Tamb = 573-873 K and Pamb = 0.1 MPa are 359 

shown in Fig. 8. In Ref [27], it is reported that Kinst strongly depends on Tamb. Generally, Kinst 360 

increases with increasing ambient temperature because higher temperature enhances the mass 361 

and heat transfer between the droplet core and ambient gas, thus increasing the evaporation 362 

rate[36,37]. The Kinst of HVO surrogate fuels is found to be higher than that of diesel. The Kinst 363 

of HVO surrogate fuels gradually increases and then remains almost constant during the latter 364 

evaporation process while the Kinst of diesel decreases monotonically with time because diesel 365 

contains a wide range of boiling points compared to HVO surrogate fuels  (Fig. 8a and 8b). 366 
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The components with a lower boiling point evaporate in the early stage while the components 367 

with a higher boiling point evaporate later[27]. As temperature increases, the slope of Kinst for 368 

diesel is raised because both light-end and heavy-end components evaporate simultaneously 369 

and enhance the evaporation rate due to more heat conduction from the ambient gas into the 370 

droplet core (Fig. 8c and 8d). In Fig. 8a and 8b, HVO:C15-C18/isododecane exhibits much lower 371 

evaporation rates during the early stage despite a lower boiling point, but gradually increases 372 

toward a similar level, compared to HVO:C15-C18 and HVO:C15-C18/isooctane. This is because 373 

the pre-evaporation of isododecane causes an impending effect on the evaporation rate 374 

meanwhile adding isododecane reduces the initial heating period and lowers droplet surface 375 

temperature due to lower thermal conductivity and latent heat of vaporization, thus producing 376 

a lower evaporation rate during the early stage[21,34]. Subsequently, the droplet temperature 377 

increases because the light components evaporate completely before the latter stage of 378 

evaporation, thus resulting in an increased evaporation rate during the latter stage. However, 379 

as temperature increases up to 873 K, the evaporation rate of HVO:C15-C18/isododecane is 380 

enhanced throughout the evaporation process (Fig. 8d) because all components evaporate 381 

simultaneously due to a strong heat transfer [36]. The Kinst for HVO:C15-C18/isododecane and 382 

HVO:C15-C18/isooctane also shows lower trends compared to that for HVO:C15-C18 during the 383 

remaining evaporation process. The reason for this is explained in section 3.2. In Ref[34], the 384 

binary droplet evaporation at elevated pressure and temperature was conducted. It was found 385 

that the evaporation rate of 50% heptane + 50% hexadecane was lower than that of pure 386 

hexadecane under various temperatures and pressures. It was justified that the presence of 387 

heptane vapor decreased the total heat transfer from ambient gas to the droplet.  388 
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 389 

Fig. 8. Instantaneous evaporation coefficient (Kint) for HVO surrogate fuels and diesel. 390 

3.2 Effect of ambient temperature on evaporation characteristics 391 

Figure 9. illustrates the normalized 95 vol% lifetimes (t95/D0
2) for HVO surrogate fuels and 392 

diesel as a function of ambient temperature. Each plot represents the average value for five 393 

experiments conducted under the same conditions. The error bars of each plot indicate the 394 

minimum and maximum values from the five experiments. Under all ambient pressures, t95/D0
2 395 

decreases with increasing temperatures. HVO surrogate fuels exhibit shorter droplet lifetime 396 

compared to diesel. In Fig. 9a,  despite having a slightly lower boiling point, HVO:C15-397 
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18/isooctane has longer droplet lifetimes than HVO:C15-C18, especially at higher temperatures. 398 

At Tamb = 873 K, the t95/D0
2 for HVO:C15-C18/isododecane is slightly longer than that for 399 

HVO:C15-C18, which was not expected. This is because isooctane (Tb = 99.2℃) and 400 

isododecane (Tb = 177.8℃) evaporate under Tdg = 50-130℃ @Tamb=573-873K during the 401 

droplet generation process, especially at low pressure under which diffusion resistance is less. 402 

This allows light-end components to evaporate faster, which eventually reduces the influence 403 

of boiling point on the evaporation rate during the evaporation process. Considering the pre-404 

evaporation, the influence of boiling point for both HVO:C15-C18/isododecane and HVO:C15-405 

C18 on the evaporation rate may become almost similar during the evaporation process. In this 406 

case, according to the well-known equation of D2 law described as dD2/dt = -[8λg/ (ρl Cpg)] 407 

ln(B+1)  in Ref [27], the ratio of thermal conductivity and specific heat of gas (λg/Cpg) greatly 408 

affect the evaporation characteristics. Therefore, HVO:C15-C18 consisting of a higher mass 409 

fraction of components with higher λ/Cp (Table 3) gains more heat transfer into the droplet. 410 

Consequently, evaporation of HVO:C15-C18 droplets takes place at a faster rate than that of 411 

HVO:C15-C18/isooctane and HVO:C15-C18/isododecane, thus decreasing droplet lifetime. 412 

Moreover, based on equations (48) and (51) described in Ref [21], both heating and evaporation 413 

times are shortened under the increment of thermodynamic properties (λg and Cpg). However, 414 

this trend is weakened at higher ambient pressures, especially for HVO:C15-C18/isododecane 415 

because increasing pressure slows down the evaporation of isooctane and isododecane during 416 

the droplet generation process. As shown in Fig. 9b-9e, the trend line of t95/D0
2 for HVO:C15-417 

C18/isododecane detaches itself from that of HVO:C15-C18, especially at low temperatures 418 

because the presence of isododecane remains in the mixture until the main evaporation process, 419 

thus reducing droplet lifetime. Considering the effect of Tdg at higher ambient pressures, the 420 

t95/D0
2 of HVO with and without isooctane is almost the same under all ambient temperatures 421 

and pressures from 1.0-2.0 MPa (Fig. 9c-9e) because HVO:C15-C18/isooctane (2.23%) and 422 
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HVO:C15-C18 may have almost identical properties while the combined effect of Tb and λ/Cp 423 

on evaporation rate becomes similar for both fuels.  424 

 425 

Fig. 9. Normalized 95 vol% lifetimes (t95/D0
2) for HVO surrogate fuels and diesel as a 426 

function of ambient temperature. 427 

3.3 Effect of ambient pressure on evaporation characteristics 428 

The effect of ambient pressure on droplet evaporation characteristics for HVO:C15-429 

C18/isododecane only is shown in Fig. 10 since all fuels have a similar tendency. It is observed 430 

that the effect of pressure on droplet lifetime relies on temperatures. The ambient conditions 431 
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significantly affect phase equilibrium between fuel vapor and ambient gas at the droplet surface 432 

and droplet surface temperature[37]. Generally, increasing pressure always results in a longer 433 

initial heating period at various temperatures because droplet evaporation is suppressed by 434 

higher boiling points. Initially, the heat from ambient gas is not used for evaporation, but for 435 

raising the droplet temperature to the equilibrium temperature[37,38]. In Fig. 10a, at Tamb = 436 

573 K, droplet lifetime increases with increasing pressure because higher pressure exerts on 437 

the droplet surface and increases diffusion resistance. The increase in pressure leads to a 438 

decrease in the vapor pressure faction to the ambient pressure, which results in a lower vapor 439 

mass fraction and eventually reduces the evaporation rate [37]. As the temperature increases, 440 

the droplet lifetime decreases or increases according to pressure. For example, at Tamb = 673 K, 441 

increasing pressure up to 0.5 MPa shortens the droplet lifetime while further increasing 442 

pressure prolongs the droplet lifetime (Fig. 10b). This is related to competition between 443 

gasification and diffusion resistance. At high temperatures, gasification and diffusion can be 444 

promoted simultaneously with the increase in pressure at low and moderate pressure conditions 445 

because droplet surface temperature reaches a certain point at which the increased saturated 446 

vapor pressure overcomes the diffusion resistance and increases the evaporation rate[37]. 447 

However, when the pressure is further increased, diffusion resistance overcomes the promoted 448 

gasification, thus reducing the evaporation rate. At Tamb =773-873 K, the higher the 449 

temperatures and pressures, the shorter droplet lifetimes are obtained as shown in Fig. 10c and 450 

10d. Despite longer initial heating periods, droplet lifetime decreases with increasing pressure 451 

because gasification and diffusion capability are enhanced simultaneously under all pressures, 452 

thus further increasing the saturated vapor pressure and evaporation rate. This trend was also 453 

observed in a numerical study on heptane and dodecane evaporation done by Kitano et al.[38] 454 

and on ethanol evaporation by Pinheiro et al.[37] and Yi et al.[39]. Droplet lifetime increased 455 

with increasing ambient pressure at low ambient temperatures but decreased at high ambient 456 
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temperatures. For more comprehension, the effect of pressure on the Kinst is also discussed in 457 

detail in Fig. 11. 458 

 459 

Fig. 10. Histories of normalized droplet lifetime (t/D0
2)   for HVO:C15-C18/iso-dodecane at 460 

different temperatures and pressures. 461 

Figure 11 shows the effect of pressure on Kinst for HVO:C15-C18/iso-dodecane at different 462 

temperatures. Notably, the fluctuation in Kinst is quite strong in some cases, particularly under 463 

high-temperature and pressure conditions. This variation can be attributed to image analysis 464 

errors arising from the presence of fuel vapor surrounding the droplet. Since the effect of 465 
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pressure on Kinst is complicated and relies on temperatures, it is important to introduce the 466 

critical temperature of HVO:C15-C18/iso-dodecane (Tc =701 K) in the discussion. In Fig. 11a, 467 

at Tamb =573 K < Tc =701 K, the Kinst decreases with increasing pressure because pressure 468 

acting on the droplet surface suppresses the evaporation, which decreases the vapor mass 469 

fraction at the droplet surface and the Spalding mass transfer number, BM=(Yvs-Yvg)/(1-Yvs), and 470 

consequently reduces the evaporation rate [35,37]. Specifically, at Pamb=0.1 MPa, the initial 471 

Kinst is degraded due to a shorter initial heating period which reduces the initial droplet surface 472 

temperature. At moderate pressure, the evaporation is suppressed, and the initial heating period 473 

is prolonged, causing the initial Kinst to increase due to higher droplet surface temperature. 474 

Finally, the initial Kinst will determine the subsequent evaporation rate according to the 475 

resulting temperature gradient between the droplet surface and ambient gas. However, at Tamb 476 

= 773-873 K > Tc = 701 K, this trend is not followed. Increasing pressure generally increases 477 

the evaporation rate (Fig. 11c and 11d) because there is an increase in vapor mass fraction and 478 

Spalding mass transfer number due to the increased droplet surface temperature[37]. Moreover, 479 

increasing temperature and pressure leads to higher conduction heat flux and reduced latent 480 

heat of vaporization[35]. Therefore, the evaporation rate for both light- and heavy-end 481 

components increases simultaneously, and both components coexist throughout the 482 

evaporation process. At Tamb = 673 K ~ Tc = 701 K, it is observed that the evaporation rate 483 

increases or decreases according to ambient pressure. The difference between Kinst is narrow, 484 

as indicated in Fig. 11b. This implies that there is an ambient temperature at which the Kinst 485 

becomes almost independent of pressure. This threshold temperature is found to be near the 486 

critical temperature of the fuel in this study. This phenomenon can be further clarified in Fig.12. 487 
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 488 

Fig. 11. Instantaneous evaporation coefficient (Kinst) for HVO:C15-C18/iso-dodecane at 489 
different pressures and temperatures. 490 

Critical point (Tc, Pc) plays a significant role in determining the effect of ambient pressure 491 

on evaporation characteristics. It denotes the conditions at which a substance undergoes a 492 

critical phase transition from liquid to vapor, a phenomenon crucial for understanding 493 

evaporation characteristics. Despite its significance, calculating the critical temperature and 494 

pressure for the hydrocarbon mixture is challenging. In section 2.2, we discuss the use of 495 

correlations to approximate Tc and Pc, recognizing the complexity of determining these values 496 
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precisely. Figure 12 illustrates the coupling effect of ambient pressure and temperature on 497 

t95/D0
2 for diesel and HVO:C15-C18/isododecane. The data of t95/D0

2 for both fuels are given in 498 

Appendix C. The evaporation characteristics can be determined under three main conditions 499 

such as subcritical, transcritical, and supercritical conditions. At subcritical conditions (Tamb < 500 

Tc), where the ambient temperature is below the critical temperature, t95/D0
2 increases with 501 

increasing pressure because the evaporation rate decreases due to high diffusion resistance at 502 

the droplet surface. The evaporation rate monotonically decreases as light-end components are 503 

consumed, respectively [37,38]. Conversely, under supercritical conditions (Tamb > Tc), where 504 

ambient temperature surpasses the critical temperature, increasing pressure shortens the droplet 505 

lifetime due to an increase in droplet surface temperature. The saturated vapor pressure 506 

increases with increasing temperature while the heat conduction coefficient increases with 507 

increasing pressure due to promoted natural convection, thus enhancing the heat transfer and 508 

evaporation rate of all species simultaneously[37,40]. It is noteworthy that even when the 509 

ambient pressure exceeds the critical pressure, the droplet surface does not reach a supercritical 510 

state because the temperature of the droplet surface cannot reach the supercritical temperature 511 

due to latent heat, except in cases of significantly higher ambient pressure (Pamb >> Pc). 512 

Between subcritical and supercritical regions, there is a transcritical condition (Tamb ~ Tc) at 513 

which the droplet lifetime becomes almost independent of pressure. As indicated in Fig. 12a 514 

and 12b, the variation in t95/D0
2 is very narrow regardless of applied pressures at Tamb = 700-515 

720 K~ Tc =726 K for diesel and Tamb = 680-700 K~ Tc =701 K for HVO:C15-C18/isododecane. 516 

This is attributed to a balance of the increase and decrease of the droplet evaporation rate in 517 

higher ambient pressure conditions. Nomura et al.’s study on n-heptane droplet evaporation in 518 

high-pressure microgravity conditions supports this observation, with a consistent slope of 519 

droplet lifetime[19]. The transition temperature, where droplet lifetime becomes almost 520 

independent of pressure, was 480 K for h-heptane, closely aligning with its critical temperature 521 
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(Tc=540 K). This observation suggests a phenomenon where a transition temperature, 522 

approximately near the critical temperature, signifies a point at which droplet lifetime becomes 523 

pressure-independent, acknowledging the inherent challenges in precisely determining this 524 

critical transition point. 525 

  

Fig. 12. Variation of t95/D0
2 for (a) diesel and (b) HVO:C15-C18/iso-dodecane with ambient 526 

temperatures and pressures.  527 

3.4 Effect of iso-alkane on evaporation characteristics 528 

The effect of iso-alkane on evaporation characteristics is shown in Fig. 13. Compared to n-529 

dodecane, the addition of isododecane enhances the evaporation of the HVO surrogate mixture 530 

under all ambient conditions. This is expected because isododecane is a branching alkane with 531 

a lower boiling point compared to n-dodecane. Generally, branching components have smaller 532 

contact areas of interaction between two molecules and lead to weaker intermolecular Van der 533 
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Waals force, which can be overcome at a relatively lower temperature. Hence, the boiling point 534 

of HVO/isododecane is lower than that of HVO/n-dodecane. It is observed that the difference 535 

between droplet lifetimes of HVO/n-dodecane and HVO/isododecane becomes larger with 536 

increasing pressure, especially at low ambient temperatures because the evaporation of 537 

isododecane (Tb = 177.8℃) is suppressed and is not much affected by the droplet generation 538 

part temperature (Tdg = 50-60℃ @ Tamb=573K). The difference becomes much smaller at 539 

higher temperatures because more isododecane is evaporated before the droplet is delivered to 540 

the hot chamber. This trend is obvious at Tamb = 873 K. Insignificant difference is observed 541 

between the evaporation of these two fuels because isododecane mostly evaporates during the 542 

droplet generation process due to higher droplet generation temperature (Tdg = 120-130℃ @ 543 

Tamb=873K). Therefore, it can be concluded that adding a considerable amount of iso-alkane 544 

enhances the evaporation characteristics of HVO over a wide range of ambient conditions. 545 

 546 

Fig. 13. Comparison of t95/D0
2 between n-alkane and iso-alkane addition. 547 

4. Conclusion 548 

The evaporation characteristics of HVO surrogate fuels under high ambient conditions are 549 

thoroughly investigated. Thermodynamic and physical properties, droplet lifetime, and 550 

instantaneous evaporation coefficient are discussed. The main findings are as follows: 551 

 All HVO surrogate fuels exhibit lower density, surface tension, and boiling point, thus 552 

enhancing evaporation rate and reducing droplet lifetime while diesel has a lower 553 
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evaporation rate and longer droplet lifetime due to its higher final boiling points. Among 554 

HVO surrogate fuels, HVO:C15-C18/isododecane has the shortest droplet lifetime because 555 

adding isododecane reduces the initial heating period due to its lower boiling point. 556 

Moreover, HVO:C15-C18/isododecane has a lower critical temperature (Tc) and higher 557 

critical pressure (Pc) than other fuels, thus allowing broader efficient evaporating conditions. 558 

The evaporation rate of HVO surrogate fuels depends on not only the boiling point but also 559 

fuel composition and thermodynamic properties such as thermal conductivity, latent heat of 560 

vaporization, and specific heat. 561 

 Temperature and pressure have a strong coupling effect on evaporation characteristics. The 562 

evaporation rate increases with increasing temperature due to high heat transfer from the 563 

ambient gas to the droplet, thus reducing droplet lifetime. The effect of ambient pressure on 564 

evaporation characteristics relies on ambient temperature. At Tamb < Tc, droplet lifetime 565 

increases with increasing pressure due to the reduction in evaporation rate. However, at Tamb 566 

> Tc, increasing pressure increases the evaporation rate, thus reducing droplet lifetime while 567 

at Tamb ~ Tc, increasing pressure has no significant effect on droplet lifetime. 568 

These results are significant for optimizing the combustion of heavy-duty engines operated 569 

under various in-cylinder conditions. A multi-component droplet evaporation model should be 570 

developed to investigate evaporation characteristics at supercritical conditions. 571 
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