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Abstract 

Light naphtha, or low octane gasoline, is a highly volatile intermediate hydrocarbon produced during the re-

fining process. Due to its low energy requirements for production, use of light naphtha in combustion engines for 

automotive applications is currently being investigated. This paper focuses on heating and evaporation of single 

light naphtha droplet to understand the underlying physics during evaporation process. The considered model 

takes into account the effect of finite thermal conductivity, finite liquid diffusivity and recirculation inside the 

droplet due to relative motion with ambient air, referred to as the effective thermal conductivity/effective diffu-

sivity (ETC/ED) model. The real composition of light naphtha is considered. The vaporization characteristics of 

light naphtha are compared with those of its distillation-based surrogate from literature. This surrogate reasona-

bly matches the distillation curve and underpredicts ignition delay time of light naphtha by 10%. A comparison 

between the predicted droplet lifetime and surface temperature of light naphtha and those of surrogate shows that 

the surrogate overpredcits the droplet lifetime by 12% and the droplet surface temperature is significantly differ-

ent from that of light naphtha. Four new physical surrogates, Surr1-New, Surr2-New, Surr3-New and Surr4-

New, are proposed to match vaporization characteristics of light naphtha. The predicted droplet surface tempera-

ture and evaporation time of the first three surrogate are within 1% difference from those of light naphtha while 

the droplet surface temperature of the fourth surrogate, Surr4_New, is 4% off the this of light naphtha. The mo-

lecular weight and hydrogen to carbon ratio (HC) of new surrogates are close to those of light naphtha. While the 

research octane number (RON) for Surr2-New (RON = 64.1), Surr3-New (RON = 62.7) and Surr4-New (RON = 

62.5) are closer to light naphtha (68) than RON of Surr1-New (RON = 56.9).  
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Introduction  

The oil refining process is based on heating the crude oil and pumping it through the base of the refining 

tower. The different hydrocarbons of crude oil evaporate and rise up in the tower. As they move up, they lose 

heat and condensation starts. Light naphtha, considered as low-octane gasoline, is an intermediate liquid 

hydrocarbon that condenses in the top of the refining tower [2]. Light naphtha has low well-to-tank (WTT) CO2 

emissions. The WTT emissions are generated during production and transportation of fuel from field to 

distribution stations [3]. Several studies have examined the use of light naphtha in advanced combustion engines 

including HCCI and PPC (homogenous charge compression ignition and partially premixed combustion) [3-7]. It 

was shown that using naphtha leads to reduction in NOx and overall CO2 emissions [5]. Heating and evaporation 

of fuel droplets affect all subsequent processes occur inside combustion chamber, so understanding the 

vaporization characteristics of light naphtha fuel droplet as a multi-component fuel needs to be investigated. The 

detailed hydrocarbon analysis of light naphtha is shown in Table 1 as introduced in [1] along with molecular 

weight, boiling and critical temperatures inferred from [8]. Ahmed et al. [1] has formulated five components 

surrogate for light naphtha. This surrogate consists of 21% 2-methylbutane, 7% 2-methylhexane, 60% n-pentane, 

7% n-heptane and 5% toluene (mole basis). This surrogate matches the distillation curve of the light naphtha and 

it underpredicts the total ignition delay of light naphtha that measured in ignition quality tester by 10%. The main 

focus of this study is to compare the predicted evaporation time and droplet surface temperature of light naphtha 

with those predicted by surrogate of [1]. Based on this comparison and the behaviour of components of light 

naphtha during evaporation time, new surrogates are proposed. 

A brief description of the model is presented in section 3. The main results of analysis of heating and 

evaporation of light naphtha fuel is introduced in section 4. The outcomes of this study are summarized in 

section 5. 

 

Heating and Evaporation Model 

The model used in this paper is originally developed for discrete component mixture droplets [9]. It takes in-

to account the effect of finite liquid thermal conductivity, finite mass diffusivity and recirculation inside the 
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droplet due to relative motion with the ambient air [10]. It is based on the analytical solutions of the transient 

heat conduction and species mass fractions equations inside spherically symmetric droplets: 
𝜕𝑇
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where 𝑇 = 𝑇(𝑅, 𝑡) is the temperature, 𝑘 =
𝑘𝑙

𝑐𝑙𝜌𝑙
 is the liquid thermal diffusivity, 𝑘𝑙 , 𝑐𝑙  and 𝜌𝑙  are the liquid 

thermal conductivity, specific heat capacity and density, respectively, 𝑅 is the distance from the centre of the 

spherical droplet, 𝑡 is time, 𝑌𝑙𝑖 = 𝑌𝑙𝑖(𝑅, 𝑡) is the mass fraction of species 𝑖 and 𝐷𝑙  is the liquid mass diffusivi-

ty. The thermophysical properties of individual components of light naphtha and different surrogates are inferred 

from [8, 11, 12]. The properties of the mixture are calculated following the mixing rules presented in [13]. The 

effect of droplet on the ambient air is ignored at this time, the coupling between droplet and ambient air was 

studied in [10]. To account for the recirculation inside liquid droplet, the thermal conductivity and liquid mass 

diffusivity are replaced by the so-called effective thermal conductivity and the effective diffusivity. These cor-

rected thermal conductivity and liquid mass diffusivity are calculated based on approach of Abramzon and 

Sirignano [14]. The model, based on solutions of Eqs. (1) and effective thermal conductivity and effective liquid 

mass diffusivity, is called the ETC/ED model. 

The total evaporation rate, ṁd, cane be calculated as [15]: 

�̇�𝑑 = −2𝜋𝑅𝑑𝐷𝑣𝜌𝑔𝐵𝑀  Shiso,                                                                            (2) 

where 𝜌𝑔 is the gas density, 𝐷𝑣  is the binary diffusion coefficient of vapour in air, 𝐵𝑀 is the Spalding mass 

transfer number and Shiso  is the Sherwood number for isolated droplets. Both 𝐵𝑀  and Shiso  are calculated 

following approach of Abramzon and Sirignano [14]. 

The rate of change in droplet radius �̇�𝑑 is calculated as: 

�̇�𝑑 = �̇�𝑑𝑇 + �̇�𝑑𝐸,                                                                                        (3) 

where �̇�𝑑𝑇 is the change of droplet radius due to thermal swelling and it is calculated based on the following 

equation [16]: 

 �̇�𝑑𝑇 =
𝑅𝑑(𝑇𝑎𝑣,0)

∆𝑡
[(
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where 𝑇𝑎𝑣,0 and 𝑇𝑎𝑣,1 are average droplet temperatures at the beginning  𝑡 = 𝑡0 and the end of the timestep 

𝑡 = 𝑡1 and ∆𝑡 = 𝑡1 − 𝑡0. The value of �̇�𝑑𝐸 is controlled by fuel vapour diffusion from the droplet surface to the 

ambient gas. It can be found from the following equation [16]: 

�̇�𝑑𝐸 =
�̇�𝑑

4𝜋𝑅𝑑
2𝜌𝑙

 .                                                                                          (5) 

Table 1: Percentage mass fractions, molecular weight, boiling and critical temperatures of light naphtha compo-

nents. 

ID Name Formula %Mass fraction M [kg/kmol] Tb [K] Tcr [K] 

1 n-pentane C5H12 33.482 72.0 309.22 469.70 

2 n-hexane C6H14 21.898 86.0 341.88 507.60 

3 iso-pentane C5H12 11.347 72.0 300.99 460.40 

4 2,2-dimethylbutane C6H14 0.307 86.0 322.88 489.00 

5 2,3-dimethylbutane C6H14 1.881 86.0 331.13 500.00 

6 2- methylpentane C6H14 13.420 86.0 333.41 497.70 

7 3-methylpentane C6H14 8.572 86.0 336.42 504.43 

8 2,4-dimethylpentane C7H16 0.278 100.0 353.64 519.80 

9 2,3-dimethylpentane C7H16 0.172 100.0 362.93 537.30 

10 2-methylhexane C7H16 0.441 100.0 363.20 530.40 

11 3-methylhexane C7H16 0.283 100.0 365.00 535.00 

12 benzene C6H6 1.288 78.0 353.24 562.05 

13 cyclopentane C5H10 2.013 70.0 322.40 511.70 

14 methylcyclopentane C6H12 3.228 85.0 344.96 532.79 

15 cyclohexane C6H12 1.390 85.0 353.87 553.80 

 

 

Results and Discussion 

Plots of droplet surface temperatures and radii for light naphtha and the surrogate suggested in [1] are shown 

in Fig. 1. The droplet initial temperature and radius are taken as suggested by [17] to be 10 µm and 300 K, re-

spectively. The droplet velocity is assumed to be constant and equal to 10 m/s. the ambient air pressure and tem-

perature are 0.3 MPa and 450 K, respectively.  
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The calculations are carried out used the ETC/ED model. It can be seen that the surrogate proposed by [1] 

underpredicts the droplet lifetime by approximately 12% compared to light naphtha while the difference in the 

predicted surface temperatures exceeds 10% during the evaporation time. This can be to the toluene that exists in 

the surrogate while it is not in the naphtha fuel. Toluene has higher heat of vaporization compared to the compo-

nents of the light naphtha. The reduction in the surface temperature predicted for surrogate of light naphtha at 

early heating up period can be attributed to higher contents of lighter components (n-pentane and iso-pentane) 

compared to light naphtha.  

Figure 2 shows the predicted mass fractions at the droplet surface for the components of light naphtha for 

the same conditions as in Fig. 1. The light naphtha consists of 15 components; considering the entire number of 

components in simulation of engineering applications including spray and engine simulations is not applicable as 

it will be computationally expensive. Hence, a reduction in the number of component keeping the same vapori-

zation characteristics is important. Components with the same evaporation behaviour as noticed from Fig. 2 are 

replaced by the component with the highest initial mass fraction. It is noticed that components 1and 3 have the 

same evaporation behaviour and they are replaced by component 1. Components 2, 8 and 14 are replaced by 

component 2. Components 4-7 and 13 are replaced by component 6. Components 9-11 are replaced by compo-

nent 10 while components 12 and 15 are replaced by component 15. The mass fractions of this 5 components 

surrogate, Surr1-New, are presented in Table 2. 

Table 2: Mass fractions for components of the new surrogates. 

Component Surr1-New Surr2-New Surr3-New Surr4-New 

n-pentane 0.4930 0.4930 0.4930 0.4930 

n-hexane 0.2340 0.2340 0.2589 0.2660 

2,3-dimethylbutane 0.0000 0.2410 0.2410 0.2410 

2-methylpentane 0.2410 0.0000 0.0000 0.0000 

2-methylhexane 0.0071 0.0071 0.0071 0.0000 

cyclohexane 0.0249 0.0249 0.0000 0.0000 

 

Figure 1 Comparison of the surface tempera-

tures and droplet lifetimes predicted by 

ETC/ED model for light naphtha and surro-

gate proposed by [1]. The initial conditions 

are shown in the legend. 

 

Figure 2 Plots of liquid mass fractions at 

the droplet surface for components of light 

naphtha at the same conditions as in Fig. 1. 
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The predicted droplet surface temperatures and radii versus time for Surr1_New along with light naphtha are 

shown in Fig. 3 for the same droplet in Fig. 1. It can be seen that the predicted droplet lifetime and surface tem-

perature for Surr1-New are noticeably close to those predicted for light naphtha. A comparison between molecu-

lar weight, hydrogen to carbon (HC) ratio and research octane number (RON) is shown in Table 3. Matching 

molecular weight and HC ratio of the target fuel means that both diffusivity and flame speed are matched [18] 

while matching RON means matching of ignition delay time [19]. The RON is calculated based on 57 hydrocar-

bon lumps as described in [20]. It is noticed that molecular weight and HC ratio of Surr1-New are close to those 

of light naphtha while RON of Surr1_New is approximately 12% less than RON of light naphtha. 2-

methylpentane is a representative of components 4-7 and 13 and its RON is 76. To improve the overall RON of 

the surrogate, 2-methylpentane is replaced by 2,3-dimethylbutane with RON = 105.8. The new surrogate is re-

ferred to as Surr2-New (see Table 2). Plots of droplet surface temperatures and radii versus time for Surr2-New 

are shown in Fig. 3. It is shown that the predicted evaporation time and droplet surface temperature of Surr2-

New are also significantly close to light naphtha as Surr1-New. The calculated RON for Surr2-New is 0.6% less 

than RON of naphtha. 

Table 3: Molecular weight, HC and RON for light naphtha and different surrogates. 

Property Naphtha Ahmed et al. [7] Surr1-New Surr2-New Surr3-New Surr4- New 

Molecular 

weight 
78.36 77.92 79.17 79.17 79.19 79.1 

HC 2.32 2.31 2.35 2.35 2.36 2.36 

RON 64.5 64.75 56.9 64.1 62.7 62.5 

 

Plots of liquid mass fractions of components of Surr2_New are shown in Fig. 4 for the same droplet as in 

Fig. 1. A further reduction in the number of components in the surrogate is proposed by merging cyclohexane 

with n-hexane as they have similarity in the evaporation characteristics as shown in Fig. 4. This merging leads to 

4 components surrogate, Surr3_New, with mass fractions shown in Table 2. The droplet surface temperatures 

and radii versus time for Surr3-New are shown in Fig. 3. The predicted surface temperatures for Surr3_New is 

less than 1% difference from this of light naphtha during the first 90% of the droplet lifetime and this difference 

increases to 3% in the last 10% in the droplet lifetime. The evaporation time for Surr3_New droplet is 3% less 

than this of light naphtha. The molecular weight, HC and RON of Surr3_New are 1%, 2% and 3% difference 

from those of light naphtha, respectively. The mass fraction of 2-methylhexane in Surr3_New is less than 1%, so 

it is merged with the dominant component in the surrogate to form and a new 3 components surrogate called 

Surr4_New. The difference of predicted surface temperatures for Surr4_New is less than 4% from those of light 

naphtha close to the end of evaporation, while the evaporation time for Surr4_New droplet is 3% less than this of 

light naphtha.  

    

 

 

Figure 3 Temporal droplet surface tempera-

tures and radii for light naphtha and four new 

surrogates.  

 

Figure 4 Temporal liquid mass fractions at 

droplet surface for components of 

Surr2_New. 
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Summary and Conclusions 

The heating and evaporation of single light naphtha droplet is analyzed using the ETC/ED model. The model 

takes into account the effect of finite thermal conductivity, finite liquid diffusivity and recirculation inside the 

droplet due to relative motion with ambient air. The model is based on the analytical solution of the heat conduc-

tion and species diffusion equations inside spherically-symmetric droplet. The results of droplet surface tempera-

ture and droplet lifetime of light naphtha is compared with those of its distillation-based surrogate from litera-

ture. The results reveal that the surrogate overpredcits the droplet lifetime by 12% and the droplet surface tem-

perature is too far from that of light naphtha. Four new physical surrogates, Surr1-New (5 components), Surr2-

New (5 components), Surr3-New (4 components) and Surr4-New (3 components), are proposed. The new surro-

gates match droplet lifetime and surface temperature of those of light naphtha. These surrogates also match mo-

lecular weight and HC of light naphtha. RON of Surr2-New (64.1) is much closer to light naphtha (68) than 

Surr1-New (56.9) and comparable to surrogate from literature (64.8). It could be concluded that light naphtha 

can be represented using either 5 components surrogate (Surr2-New) or 4 components surrogate (Surr3-New), 

that match vaporization characteristics, molecular weight, HC and RON. 
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