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Abstract 
In this review, recent models for heating/evaporation of multi-component and blended fuel droplets 

and their implementation into numerical codes, used for the analysis of the processes in internal 

combustion engines (ICE), are reviewed. In these models, the diffusion of species, recirculation and 

temperature gradient inside droplets are considered. The focus of the review is on the group of models 

based on the implementation of the analytical solutions to the heat transfer and species diffusion 

equations inside droplets into numerical codes. Four key aspects are summarised: 1) application of the 

‘Discrete Component (DC)’ model and ‘Multi-Dimensional Quasi-Discrete model (MDQDM)’ to a broad 

range of fuels, including petrol, Diesel, ethanol and biodiesel fuels and their blends; 2) formulation of 

fuel surrogates, with a focus on the recently introduced ‘Complex Fuel Surrogate Model (CFSM)’; 3) 

overview of the recently introduced transient algorithm, ‘Transient Multi-Dimensional Quasi-Discrete 

Model (TMDQDM)’, for auto-generation of quasi-components; and 4) implementation of the latter into 

a CFD code for a realistic engineering application to full cycle simulation in internal combustion 

engines. The original and modified versions of the DC model and MDQDM are evaluated for heating 

and evaporation of droplets of bio/fossil-fuel (for example, ethanol/petrol/biodiesel/Diesel) blends. 

These were implemented into commercial CFD software and validated. The feasibility of formulating 

complex fuel surrogates for fuel blends, their implementation into CFD codes, and their application in 

the full engine cycle simulation before and after the onset of combustion (autoignition) are described. 
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1. Introduction 

The sharp increase in demand for energy (mainly from fossil fuels), alongside the worldwide growth 

in population, is  accelerating at 1% annually.1,2 For instance, combustion engines power 99% of 

transport sectors, which cause 14% of Greenhouse Gas Emissions (GGE).1 To reduce GGE and respond 

to fossil fuel depletion, governments and industries have been shifting the dependency on fossil fuels 

to renewable energy resources.3,4 To maintain the use of internal combustion engines (ICE), biofuels 

(mainly ethanol and biodiesel) can be mixed with, or replace, fossil fuels to reduce GGE.5,6 Yet, a blend 

of 10 vol.% ethanol with 90 vol.% petrol (known as E10) fuel can be directly used in petrol (gasoline) 

engines without the need to tune them.7 This mixture has also led to a noticeable reduction in CO2 

emissions, and the maintenance of good engine performance.8 The European Renewable Ethanol 

Association has defined the reduction in GGE when using E10 in petrol engines as 6%.9  

Also, the mixture of up to 20% of any variety of biodiesel fuel with Diesel fuels (B20) for direct use in 

Diesel engines was first regulated in the USA Energy Policy Act of 1992 (EPAct 92).10 Such mixtures 

have maintained ICE horsepower, fuel consumption, and torque. Users of B20 fuel, for instance, have 

not reported any noticeable difference in ICE performance. This blend was found to be economically 

beneficial and can offer GGE reduction compared with Diesel fuel. These benefits are found to be more 

meaningful for higher blending ratios with up to 100% biodiesel fuel (B100).11 Other types of biofuels 

are also useful for ICE. In accordance with the US federal standards for renewable fuel, E15 (15 vol.% 

ethanol and 85 vol.% petrol) fuel has been approved as an alternative to petrol fuel since 2001.12 It is 
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expected that the increase in ethanol content in the baseline fuel should further reduce the GGE. 

Likewise, a mixture of 85% Diesel and 15% ethanol can be used in standard Diesel engines with 

insignificant impact on their performance.13 In ref 14, a mixture of up to 20% ethanol and 80% Diesel 

fuel was successfully tested in Diesel engines. Over the last two decades, clear scientific grounds have 

been established for the appropriate range of bio/fossil-fuel blends to be used in conventional internal 

combustion engines,15 which has helped governments to set timely targets for these blends in the 

baseline fuel. For example, some UK Department for Transport policies have been updated to increase 

the bio/fossil fuel volume ratios from 4.75% in 2018 to 9.75% in 2020, and to 12.4% in 2032, to meet 

the required obligations for reducing GGE.16 Similarly, the US administration has approved the 

application of E15 in baseline fuels.17 

The main controlling parameters of mixing different types of fuels are their ignition time and energy 

release. In a typical internal combustion engine (ICE), the liquid fuel is injected in the form of a spray 

of droplets into a high pressure ambient air inside a cylinder.18 The spray is formed due to primary and 

secondary breakups of these fuel droplets.15 In the pre-combustion processes, these droplets are 

heated, evaporated and ignited to release the energy needed to drive the ICE. Fuels are naturally 

formed of several components. Understanding multi-component fuel droplet heating and evaporation 

is crucial to the design and optimum operation of ICE.15,19 These two processes mainly precede the 

onset of ignition, and can be essential to improving ICE performance.20 Several issues can be observed 

when droplets are not heated and evaporated in a timely manner, like incomplete combustion, 

knocking and high emissions.  

Many studies of the modelling of droplet heating and evaporation of multi-component fuels have been 

presented (e.g., refs. 21–24). However, in most cases, multi-component fuel groups were represented 

by individual components. For example, petrol fuel was replaced by iso-octane,25 and Diesel was 

replaced by n-dodecane.26,27 Ignoring the presence of multiple components in fuel compositions means 

that species diffusion during droplet heating and evaporation is ignored or assumed infinitely fast. 

Also, when dealing with micro-sized droplets, the finite thermal conductivity inside droplets has been 

ignored in most studies. These assumptions are relied upon to reduce model complexity and central 

processing unit (CPU) time (e.g., refs. 28,29).  

The importance of considering the effects of finite thermal conductivity and species diffusion inside 

droplets was highlighted in many studies, mainly relying on the ‘Effective Thermal 

Conductivity/Effective Diffusivity (ETC/ED)’ models.30–32 The ETC/ED models accounted for the 

temperature gradient, species diffusion and recirculating flows inside droplets; these are described in 

the ‘Discrete Component (DC)’ model. However, the DC model is computationally expensive when 

dealing with large numbers of components. Therefore, the DC model was simplified to the ‘Quasi-

Discrete (QD)’33,34 model, and ‘Multi-Dimensional Quasi-Discrete Model (MDQDM)’35,36 to account for 

the contributions of multiple components when attempting to improve the CPU efficiency. Likewise, 

combustion models were based on the replacement of fuel composition with a certain number of 

components (described as ‘fuel surrogates’) to approximate the detailed combustion characteristics of 

the fuel (e.g., refs. 37,38). These fuel surrogates were commonly used in the models to facilitate the 

inclusion of unknown chemical mechanisms of middle-chain components and to improve 

computational efficiency.39 Most of these studies focused on finding fuel surrogates to mimic the 

chemical behaviour of realistic multi-component fuels (without considering droplet heating and 

evaporation) as crucial parameters for the physical delay of fuel combustion and performance of ICE.  

Droplet heating and evaporation are the dominant processes preceding the onset of combustion but 

are complex due to the presence of hundreds of components. Also, the experimental study of these 

processes is very limited, time consuming and costly. Additionally, the direct numerical simulation of 

systems with such large numbers of components, including their thermodynamic and transport 
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properties, are computationally expensive, or impossible to perform. To address this problem, new 

numerical codes were introduced to implement the analytical solutions to heat transfer and species 

diffusion equations in the liquid phase (inside droplets) at each time step.34,35,40,41 The approaches to 

the development of such codes are summarised in this review, identifying the research gaps, 

challenges, and where there is room for improvement.  

The focus of the review is on the group of models based on the implementation of the analytical 

solutions to the heat transfer and species diffusion equations inside droplets into numerical codes. 

These models were originally developed at the University of Brighton (UK),42 since 2017 these models 

have been further developed mainly at the University of Coventry (UK) (in collaboration with the 

University of Brighton (UK)). The review focuses mainly on the results of these developments. These 

include further developments to the original30,43 and generalised44 versions of the DC model, and their 

applications to the modelling of heating and evaporation of ICE fuels and their bio-fuel blends.45–47 The 

original33–35 and generalised36 versions of the MDQDM, and the recent advancement in the MDQDM, 

using the transient algorithm to make it implementable into commercial CFD codes,41 are presented 

and discussed. The DC and MDQDM models for the formulation of fuel surrogates,40,48,49 and the 

implementation of these models into numerical codes used for combustion simulations are described. 

A typical example of the full-cycle simulation of the ICE performed using ANSYS Fluent, with the new 

models implemented into it, is presented.50 The results are verified and validated, where possible. This 

review is expected to complement the review published in 2017.32   

2. Fuel compositions 

2.1. Petrol fuel 

Petrol is a combination of middle distillate petroleum derivatives, which dominantly consist of C4-C12 

hydrocarbons.51–53 It is a commonly used fuel in the transport sector, mainly in spark ignition ICE 

(which drive about 80% of passenger vehicles).38 Therefore, it is essential to fully understand and 

enhance the combustion characteristics of this fuel. In many previous studies (e.g., refs. 54–57), petrol 

fuel was replaced with iso-octane for simplicity. Note that commercial petrol fuel consists of hundreds 

of hydrocarbons.58 Ignoring this composition of petrol fuel in understanding detailed transient 

processes, such as multi-component fuel droplet heating and evaporation in ICE, can be crucial in the 

design of these ICE. Therefore, this review will emphasise the importance of taking into account the 

effect of this fuel composition. 

The results of the studies reviewed in this paper, related to petrol fuel, were based on FACE C (Fuel for 

Advanced Combustion Engines Type C) petrol fuel. In ref 36, those hydrocarbons with similar 

thermodynamic and transport properties and the same chemical formulae were replaced by 

characteristic components, which reduced the original composition of petrol FACE C fuel from 83 

(inferred from ref. 38) to 20 components. The composition of petrol fuel was represented by 6 

hydrocarbon groups, as shown in Table 1.36 In our review, the thermodynamic and transport 

properties of the components of petrol fuel were inferred from ref. 15, while those of ethanol were 

inferred from refs. 59–61. 

Table 1. Molar composition (%) of petrol FACE C fuel.36 

Carbon no n-alkanes iso-alkanes alkylbenzenes cycloalkanes naphthalenes olefins 

C4 3.905 0.092 - - - - 

C5 13.87 7.456 - - - - 

C6 10.842 2.98 - - - - 

C7 - 11.67 - - - - 

C8 - 42.17 0.242 1.49 - - 
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C9 - 0.137 3.521 - 0.104 0.346 

C10 0.01 0.36 0.44 - - - 

C11 - 0.113 0.055 - - - 

C12 0.012 - - - - - 

Total % 28.64 64.98 4.26 1.49 0.104 0.346 

2.2. Diesel fuel 

In ref. 35, similarly to the case of petrol fuel, the full composition of Diesel fuel (containing more than 

one hundred components, obtained using comprehensive two-dimensional gas chromatography)62 

was simplified to 98 hydrocarbons, based on the overlapping thermodynamic and transport 

properties. This commercial Diesel fuel conformed to standard European Union fuel (EN590). The 

simplified fuel composition was formed of 6 groups and 3 characteristic components: tricycloalkane 

(C19H34 , with 0.015647 molar fraction), diaromatic (C13H12 , with 0.01224 molar fraction) and 

phenanthrene (C14H10, with 0.006577 molar fraction). The molar fractions of the components in the 6 

hydrocarbon groups of Diesel fuel are presented in Table 2.  

Table 2. Molar fraction (%) of Diesel fuel components.35 

Carbon no alkanes cycloalkanes bicycloalkanes alkylbenzenes indanes & tetralines naphthalenes 

C8 0.308 - - 0.497 - - 

C9 3.032 - - 3.2357 - - 

C10 5.0541 0.6408 0.6926 5.3584 1.3157 1.9366 

C11 3.163 1.8745 1.0524 0.9492 1.3632 2.5290 

C12 2.6156 1.6951 0.9753 1.9149 1.1951 1.4012 

C13 2.5439 1.2646 0.6611 0.6873 1.0652 0.7692 

C14 2.6497 1.3633 0.5631 0.6469 0.8406 0.4879 

C15 3.1646 1.2353 0.4314 0.4782 0.7051 0.3843 

C16 2.6579 1.0449 0.4921 0.4564 0.6684 0.2854 

C17 2.8605 1.0162 0.6529 0.4204 0.5598 0.2072 

C18 3.2403 1.2848 0.6554 0.5234 0.5357 0.2358 

C19 3.5296 1.3566 0.9901 0.3226 0.3403 0.2151 

C20 2.2338 0.9961 0.1965 0.2848 0.3227 0.2256 

C21 1.443 0.5374 0.0935 0.2032 0.1638 - 

C22 0.799 0.304 0.0701 0.0969 0.0781 - 

C23 0.3972 0.109 0.0488 0.0494 - - 

C24 0.1903 0.0755 0.0234 0.0473 - - 

C25 0.0997 0.0445 0.0169 - - - 

C26 0.0425 0.0214 - - - - 

C27 0.0309 0.0155 - - - - 

Total % 40.65 14.88 7.62 16.17 9.15 8.68 

2.3. Biodiesel fuels 

Twenty-two types of ‘Fatty Acid Methyl Ester (FAME)’ biodiesel fuels were used in refs. 63–65 to 

investigate heating and evaporation of biodiesel fuel droplets. These were: Rapeseed methyl ester 

(RME), Soybean methyl ester (SME), Palm methyl ester (PME), Palm kernel methyl ester (PMK), 

Sunflower methyl ester (SNE), Linseed methyl ester (LNE), Safflower methyl ester (SFE), Hemp-oil 

methyl ester – Ukrainian (HM1), Hemp-oil methyl ester – European Union (HM2), Waste cooking-oil 

methyl ester (WCO), Tallow methyl ester (TME), Lard methyl ester (LME), Jatropha methyl ester (JTR) 
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and Yellow grease methyl ester (YGR), Butter methyl ester (BME), Coconut methyl ester (CME), Peanut 

methyl ester (PTE), Cottonseed methyl ester (CSE), Corn methyl ester (CNE), Tung methyl ester (TGE), 

Canola seed methyl ester (CAN), and Camelina methyl ester (CML). The molar fractions of the 

components of these biodiesel fuels are shown in Tables 3 and 4. The liquid and vapour diffusion 

coefficients were inferred from refs. 15,44,66. 

Table 3. Compositions of FAME biodiesel fuels (the double-bond numbers in each component’s structure are 

indicated after the colon in each FAME code as: 0,1,2,3,4).63 

FAME  
Biodiesel Fuels 

TME LME BME CME PMK PME SFE PTE CSE CNE SNE 

C8:0 - - 5.2 6.0 2.6 - - - - - - 

C10:0 - - 2.8 8.0 4.0 - - - - - - 

C12:0 0.2 - 3.4 50.0 50.0 0.3 - - - - - 

C14:0 2.5 1.0 11.0 15.0 17.0 1.3 - 0.5 2.0 1.0 - 

C15:0 - - - - - - - - - - - 

C16:0 27.9 26.0 31.7 9.0 8.0 45.1 5.2 8.0 19.0 9.0 5.9 

C17:0 - - - - - - - - - - - 

C18:0 23.0 14.0 10.8 3.0 1.7 4.5 2.2 4.0 2.0 2.5 4.2 

C20:0 0.4 - 0.4 - 1.5 0.4 - 7.0 - - 1.4 

C22:0 0.4 - 0.4 - 1.5 0.2 - 7.0 - - 1.4 

C24:0 - - - - - - - - - - - 

C16:1 2.5 2.8 2.4 - 0.4 0.2 - 1.5 - 1.5 - 

C17:1 - - - - - - - - - - - 

C18:1 40.0 44.0 26.3 7.0 12.0 38.4 76.4 49.0 31.0 40.0 18.5 

C20:1 0.3 2.0 1.0 - - - - - 2.5 1.0 - 

C22:1 0.3 2.0 1.0 - - - - - 2.5 1.0 - 

C24:1 - - - - - - - - - - - 

C18:2 2.0 8.0 3.0 2.0 1.3 9.2 16.2 23.0 41.0 44.0 68.3 

C20:2 - - - - - - - - - - - 

C18:3 - - 0.6 - - 0.2 - - - - 0.3 

C20:3 - - - - - - - - - - - 

C18:4 - - - - - - - - - - - 

Others 0.5 0.2 - - - 0.2 - - - - - 
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Table 4. Biodiesel fuel compositions (continuation of Table 3). 

FAME  
Biodiesel Fuels 

TGE HM1 SME LNE HM2 CAN WCO RME CML JTR YGR 

C8:0 - - - - - - - - - - - 

C10:0 - - - - - - - - - - - 

C12:0 - - - - - - 0.2 - 0.4 0.1 0.2 

C14:0 - - 0.3 0.2 - - 0.7 - 2.6 0.3 0.8 

C15:0 - - - - - - - - - - 0.1 

C16:0 3.6 6.6 10.9 6.2 6.5 4.5 15.7 4.9 5.8 14.3 16.0 

C17:0 - 0.2 - - - 0.1 0.2 - - 0.1 0.1 

C18:0 2.6 2.1 4.4 0.6 2.5 2.0 6.1 1.7 2.7 5.9 6.9 

C20:0 - 0.5 0.4 - 0.9 0.6 0.4 0.6 1.3 0.2 0.3 

C22:0 13.1 0.3 - - - 0.4 0.4 - 0.9 0.2 0.4 

C24:0 - 0.2 - - - 0.2 0.3 - 0.7 2.5 0.2 

C16:1 - 0.3 - - - 0.4 0.7 - - 1.0 0.9 

C17:1 - - - - - - - - - - 0.1 

C18:1 10.1 11.9 24.0 18.0 11.9 59.7 42.8 26.6 15.9 38.9 43.2 

C20:1 0.8 0.3 - - 0.9 1.5 0.6 - 13.7 0.1 0.5 

C22:1 - 0.2 - - - 0.4 0.2 22.3 2.9 0.1 0.1 

C24:1 - 0.2 - - - - - 0.8 0.2 0.1 4.3 

C18:2 13.8 56.6 52.8 16.0 54.7 20.8 29.4 24.8 16.0 34.8 24.3 

C20:2 - - - - - - - - 1.4 - - 

C18:3 51.6 20.6 7.2 59.0 20.1 9.4 2.0 9.7 33.8 0.3 1.1 

C20:3 - - - - - - - - 0.8 - - 

C18:4 - - - - - - - - - - 0.5 

Others 4.4 - - - 2.5 - 0.3 8.6 0.9 1.1 - 

3. Discrete component model 

Some of the early developments of the ‘Discrete Component (DC)’ model were introduced in refs. 

43,67,68 to describe the evaporation process in Diesel and petrol fuel droplets. The analyses presented 

in those studies were based on some simplified solutions to the quasi-steady state equations for heat 

transfer and species diffusion, which were in turn based on the Effective Thermal 

Conductivity/Effective Diffusivity (ETC/ED) models (to be described in Sections 3.1 and 3.3). 

Significant differences were obtained between the predictions of the DC model and those predicted 

using a ‘Single Component (SC)’ model. The DC model was applied to the analysis of mixed 

biodiesel/Diesel fuel droplets.29 The predictions of ref. 29 showed that increasing the biodiesel 

fractions in  biodiesel/Diesel fuel increased the evaporation time and droplet surface temperature.  

In ref. 69, blended Diesel/biodiesel fuel droplet heating and evaporation was analysed using a ‘hybrid 

DC approach’, where the continuous thermodynamic model for Diesel fuel and the DC model for 

biodiesel fuel were used. The study showed that the blended fuel droplet evaporation time increased 

at higher mass fractions of biodiesel in biodiesel/Diesel fuel blends, which was attributed to the lower 

volatility of FAME in biodiesel fuel compared to that of hydrocarbons in Diesel fuel. In the same study, 

the hybrid approach was also applied to the analysis of blended ethanol/petrol fuel droplet heating 
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and evaporation. It was found that the droplet lifetime of this blend increased at higher mass fractions 

of ethanol; this was attributed to the higher latent heat of vaporisation of ethanol. 

The complete version of the DC model was applied to bi-component fuels.30 It was used to simulate 

droplets with 105 components.45 In ref. 44, the heating and evaporation processes of four types of 

biodiesel fuel (Soybean, Hemp oil, Rapeseed and Palm), consisting of FAME groups, were analysed 

using this model. It was found that the approximation of biodiesel fuels by single components led to 

5.5% underprediction of droplet lifetime compared to the prediction of the DC model. In ref. 63, the 

same model was applied to 22 types of biodiesel fuel. Firstly, the detailed DC model was considered, 

based on the ED/ETC models, taking into account the recirculation, temperature gradient and 

contribution of all methyl esters in the biodiesel fuels and their diffusion inside droplets. Secondly, the 

DC model was considered, but the thermal conductivity and species diffusion coefficient were assumed 

to be infinitely large, based on the ‘Infinite Thermal Conductivity/Infinite Diffusivity (ITC/ID)’ 

models.70 Thirdly, the DC model was used, but the molar fractions were based on the initial fuel 

composition ignoring diffusion of species, that is using the SC model. The SC model predicted up to 

5.5% and 2.4% errors in droplet lifetime and surface temperature, respectively, compared to the 

prediction of the first (DC) model. The DC model described in this review is the version based on the 

analytical solutions to the heat transfer and species diffusion equations inside the droplets at each time 

step, which were implemented into a numerical code.71,72 The details of this model are described in the 

following sections. 

3.1. Effects of droplet finite thermal conductivity 

The heating of spherical moving droplets is described by the transient heat conduction equation:73–75  

𝜕𝑇

𝜕𝑡
= 𝜅 (

𝜕2𝑇

𝜕𝑅2
+

2

𝑅

𝜕𝑇

𝜕𝑅
), (1) 

where 𝑇 = 𝑇(𝑡, 𝑅) is the temperature in the liquid phase, 𝑡 is time, 𝑅 is the distance from the centre of 

the droplet, and 𝜅 is the effective thermal diffusivity:76,77  

𝜅 = 𝑘eff 𝑐𝑙𝜌𝑙⁄ , (2) 

𝑘eff is the Effective Thermal Conductivity (ETC), 𝑐𝑙  is the liquid specific heat capacity, 𝜌𝑙 is the liquid 

density. The ETC is defined as:78  

𝑘eff = 𝜒𝑘𝑙 , 

𝜒 = 1.86 + 0.86 tanh[2.225 log10(Pe𝑑(𝑙) 30⁄ )], 

(3) 

(4) 

Pe𝑙 = Re𝑑(𝑙)Pr𝑙 is the Peclet number, Pr𝑙 =
𝑐𝑙𝜇𝑙

𝑘𝑙
  is the liquid phase Prandtl number, Red(𝑙) =

2𝜌𝑙 𝑈𝑠 𝑅𝑑

𝜇𝑙
 is 

the liquid phase Reynolds number, 𝑈𝑠 =
1

32
∆𝑈 (

𝜇𝑔

𝜇𝑙
) Re𝑑𝐶𝐹  is the maximum liquid surface velocity 

inside the droplet, ∆𝑈 = |𝑈𝑔 − 𝑈𝑑| is the relative velocity between the gas flow and droplet velocities, 

𝐶𝐹 =
12.69

Re𝑑
2 3⁄ (1+𝐵𝑀)

 is the skin friction drag coefficient, Re𝑑  is the Reynolds number in the gas phase 

based on the droplet diameter, 𝐵𝑀 is the Spalding mass transfer number defined by Expression (15),31 

𝜇𝑙  and 𝑘𝑙 are the dynamic viscosity and thermal conductivity in the liquid phase, respectively. In the 

case of stationary droplets, 𝜒 in Equation (4) reduces to 1. The model based on the concept of Effective 

Thermal Conductivity is commonly called the ‘Effective Thermal Conductivity’ (ETC) model. 

The initial and boundary conditions for Equation (1) are: 

𝑇(𝑡 = 0) =  𝑇𝑑0(𝑅)             

ℎ(𝑇𝑔−𝑇𝑠) = 𝑘eff
𝜕𝑇

𝜕𝑅
|
𝑅=𝑅𝑑−0

}, (5) 
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where 𝑇𝑠 = 𝑇𝑠(𝑡) is the droplet surface temperature, 𝑇𝑔 = 𝑇𝑔(𝑡) is the ambient gas temperature, 𝑅𝑑 is 

the droplet radius, and ℎ = ℎ(𝑡) is the convective heat transfer coefficient inferred from the Nusselt 

number (Nu) as: 

ℎ = Nu 𝑘𝑔/2𝑅𝑑, (6) 

𝑘𝑔 is the thermal conductivity of ambient gas. In boundary condition (5) only the contribution of 

convective heating was considered. 

Assuming that the droplet is an opaque and non-reflective (emissivity equal to 1) sphere and taking 

into account the effects of evaporation and radiation, the boundary condition at the droplet surface (5) 

can be generalised to:  

𝑘eff
𝜕𝑇

𝜕𝑅
|
𝑅=𝑅𝑑−0

= 𝜌𝑙  𝐿
𝑑𝑅𝑑

𝑑𝑡
+ ℎ(𝑇𝑔 − 𝑇𝑠) + 𝜎𝑇rad

4 ,  (7) 

where 
𝑑𝑅𝑑

𝑑𝑡
= �̇�𝑑𝐸 is the rate of droplet radius change due to evaporation (see Expression (32)), 𝐿 is the 

latent heat of evaporation, 𝜎 is the Stefan-Boltzmann constant (𝜎 =5.6703 10−8 W m−2K−4), 𝑇rad is the 

radiative temperature, which is assumed equal to the gas temperature in the case of optically thick gas, 

and to the external temperature in the case of optically thin gas.  

The analyses considered in this review focused on the case of optically thin gas, where the maximal 

impact of thermal radiation is expected under engine-like conditions. The emitted radiation from the 

droplet to the ambient gas (𝜎𝑇𝑑
4) was ignored, compared with the strong external radiation flux (e.g., 

from remote flames) to the droplet 𝜎𝑇rad
4 .  

 The analytical solution to Equation (1) at the end of each time step (𝑡 = 𝑡1) was obtained as:42  

𝑇(𝑅, 𝑡) =
𝑅𝑑

𝑅
 ∑ {

𝑞𝑛 exp[−𝜅𝑅𝜆𝑛
2 𝑡] −

sin  𝜆𝑛

‖𝑣𝑛‖
2𝜆𝑛
2 𝜇0(0) exp[−𝜅𝑅𝜆𝑛

2 𝑡]

−
sin 𝜆𝑛

‖𝑣𝑛‖
2𝜆𝑛
2 ∫

𝑑𝜇0(𝜏)

𝑑𝜏
 exp[−𝜅𝑅𝜆𝑛

2 (𝑡 − 𝜏)]𝑑𝜏
𝑡

0

}∞
𝑛=1 sin (𝜆𝑛

𝑅

𝑅𝑑
)   + 𝑇eff(𝑡), (8) 

where ‖𝑣𝑛‖
2 =

1

2
(1 −

sin 2𝜆𝑛

 2𝜆𝑛
) =

1

2
(1 +

ℎ0𝑇

ℎ0𝑇
2 +𝜆𝑛

2) , 𝑞𝑛 =
1

𝑅𝑑 ‖𝑣𝑛‖
2 ∫ �̃�0(𝑅) sin ( 𝜆𝑛

𝑅

𝑅𝑑
)  𝑑𝑅

𝑅𝑑
0

, �̃�0(𝑅) =

𝑅 𝑇𝑑0(𝑅)/𝑅𝑑 , 𝑘𝑅 =
𝑘eff

𝑐𝑙𝜌𝑙𝑅𝑑 
2 , 𝜇0(𝑡) =

ℎ𝑇𝑔(𝑡)𝑅𝑑

𝑘eff
, ℎ𝑙0 = (

ℎ𝑅𝑑

𝑘eff
) − 1 . The eigenvalues 𝜆𝑛 , 𝑛  > 0 ( 𝜆 = 0  is 

excluded), were found from the solution to the following relationship: 

𝜆 cos 𝜆 + ℎ𝑙0 sin 𝜆 = 0, (9) 

The effective temperature 𝑇eff was calculated, taking into account the effects of radiation and droplet 

evaporation, as: 

𝑇eff = 𝑇𝑔 +
𝜌𝐿

𝑑𝑅𝑑
𝑑𝑡

ℎ
+

𝜎𝑇rad
4

ℎ
.  (10) 

Within each time step 𝛥𝑡, 𝑅𝑑  is constant and updated at the end of 𝛥𝑡, as 𝑅𝑑(𝑛𝑒𝑤) = 𝑅𝑑(𝑜𝑙𝑑) + �̇�𝑑∆𝑡, 

where the value of �̇�𝑑 takes into account the droplet evaporation rate and thermal swelling. In the limit 

𝑘eff → ∞, Expression (8) reduces to that of the ‘Infinite Thermal Conductivity’ (ITC) model.27 Nu was 

calculated for an isolated moving droplet, as:76  

Nuiso = 2
ln(1+𝐵𝑇)

𝐵𝑇
[1 +

(1+RedPrd)
1
3⁄  max{1, Red

0.077}−1

2 𝐹(𝐵𝑇)
], (11) 

where 𝐹(𝐵𝑇) = (1 + 𝐵𝑇)
0.7 ln(1+𝐵𝑇)

𝐵𝑇
, 𝐵𝑇 is the Spalding heat transfer number:  

𝐵𝑇 =
𝐶𝑝𝑣(𝑇𝑔−𝑇𝑠)

𝐿eff
, (12) 
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𝑐𝑝𝑣 is the specific heat capacity of the fuel vapour at constant pressure, 𝐿eff is the effective latent heat 

of evaporation, calculated as: 

𝐿eff = 𝐿 +
𝑄𝐿

�̇�𝑑
= ∑ 𝜖𝑖𝐿𝑖 +

𝑄𝐿

∑ �̇�𝑖𝑖
𝑖 , (13) 

𝜖𝑖 = 𝜖𝑖(𝑡) are the evaporation rates of species 𝑖, �̇�𝑖 = 𝜖𝑖 �̇�𝑑  (�̇�𝑑 = ∑ �̇�𝑖𝑖 ), and 𝑄𝐿 is the power spent 

on heating the droplet. The interactions between droplets are ignored; they were discussed in refs. 

77,79,80.  

3.2. Effects of droplet evaporation 

The total evaporation rate of a multi-component fuel droplet is weakly dependent on the individual 

species diffusion rates from the droplet surface to the gas phase.30,79 Therefore, it is not always 

necessary to consider the relative diffusion among individual species in the gas phase.32,43 The total 

evaporation rate of an isolated droplet (�̇�𝑑) was calculated as:15 

�̇�𝑑 = −2𝜋𝑅𝑑𝐷𝑣𝜌total𝐵𝑀  Shiso, (14) 

where �̇�𝑑 ≤ 0, 𝐷𝑣 is the coefficient of binary vapour diffusion in ambient gas, 𝜌total = 𝜌𝑔 + 𝜌𝑣  is the 

total mixture density, summed up, of the vapour (𝜌𝑣) and gas (𝜌𝑔) densities, the Spalding mass transfer 

number (𝐵𝑀) is calculated as:81 

𝐵𝑀 =
𝜌𝑣𝑠−𝜌𝑣∞

1−𝜌𝑣𝑠
=

𝑌𝑣𝑠−𝑌𝑣∞

1−𝑌𝑣𝑠
,  (15) 

𝜌𝑣𝑠  and 𝜌𝑣∞  are the densities of fuel vapour in the vicinity of the droplet surface and far from it, 

respectively, 𝑌𝑣 is the mass fraction of fuel vapour, the Sherwood number for isolated droplets (Shiso) 

is calculated as:76 

Shiso = 2
ln(1+𝐵𝑀)

𝐵𝑀
[1 +

(1+RedScd)
1
3⁄  max{1, Red

0.077}−1

2 𝐹(𝐵𝑀)
], (16) 

Scd  is the gas phase Schmidt number, 𝐹(𝐵𝑀) is the same as in (11) but with 𝐵𝑇 replaced by 𝐵𝑀.82 𝐵𝑇 

and 𝐵𝑀 are linked by the following relationship:76 

𝐵𝑇 = (1 + 𝐵𝑀)
𝜑 − 1, 

𝜑 = (
𝑐𝑝𝑣

𝑐𝑝𝑎
) (

Sh∗

Nu∗
)
1

Le
, 

(17) 

(18) 

Le = 𝑘𝑔 (𝑐𝑝𝑎  𝜌𝑔 𝐷𝑣)⁄  is the Lewis number. The modified Sherwood number Sh∗  and the modified 

Nusselt number Nu∗ are determined from:83 

Sh∗ = 2 [1 +
(1+Re𝑑Sc𝑑)

1/3max{1,Re𝑑
0.077}−1

2𝐹(𝐵𝑀)
], (19) 

Nu∗ = 2 [1 +
(1+Re𝑑Pr𝑑)

1/3max{1,Re𝑑
0.077}−1

2𝐹(𝐵𝑇)
]. (20) 

For stationary droplets 
Sh∗

Nu∗
= 1. For slowly moving droplets, this ratio was also sometimes assumed 

equal to 1 (e.g., refs. 43,84). Such an assumption was invalid in some cases.83 Hence, in our recent 

models, Expressions (19) and (20) were used to estimate 𝜑 based on Equation (18).  

When calculating the rate of change in droplet radius ( �̇�𝑑 ), both thermal swelling and droplet 

evaporation were accounted for during each time step:85 

�̇�𝑑 = �̇�𝑑𝑇 + �̇�𝑑𝐸, (21) 

where �̇�𝑑𝑇 is the rate of change in droplet radius due to thermal expansion or contraction:85 
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�̇�𝑑𝑇 =
𝑅𝑑(𝑇𝑎𝑣,0)

∆𝑡
[(
𝜌𝑙(𝑇𝑎𝑣,0)

𝜌𝑙(𝑇𝑎𝑣,1)
)
1/3

− 1], (22) 

𝑇𝑎𝑣,0 and 𝑇𝑎𝑣,1 are average droplet temperatures at the timestep beginning (𝑡 =  𝑡0) and end (𝑡 = 𝑡1). 

The rate of change in droplet radius caused by evaporation (�̇�𝑑𝐸) is determined as:43 

�̇�𝑑𝐸 =
�̇�𝑑

4𝜋𝑅𝑑
2𝜌𝑙

. (23) 

3.3. Effects of species diffusion 

In moving droplets, the species mass fractions in the liquid phase 𝑌𝑙𝑖 ≡ 𝑌𝑙𝑖(𝑡, 𝑅) are described by the 

following species diffusion equations:30  

𝜕𝑌𝑙𝑖

𝜕𝑡
= 𝐷eff (

𝜕2𝑌𝑙𝑖

𝜕𝑅2
+

2

𝑅

𝜕𝑌𝑙𝑖

𝜕𝑅
), (24) 

where 𝑖 is the species index, 𝐷eff  is the effective species diffusion coefficient in the liquid phase, 

calculated as:86 

𝐷eff = 𝜒𝑌𝐷𝑙 ,  (25) 

𝜒Y = 1.86 + 0.86 tanh[2.225 log10(Red(𝑙)Sc𝑙 30⁄ )], (26) 

𝐷𝑙  is the liquid diffusion coefficient, 𝑣𝑙  is the liquid kinematic viscosity, Scd(𝑙) =
𝑣𝑙

𝐷𝑙
 is the Schmidt 

number in the liquid phase, and Red(𝑙) is the Reynolds number in the liquid phase, as in Expression (4). 

In the case of a stationary droplet, 𝜒Y reduces to 1. The set of Equations (24)-(26) describe the Effective 

Diffusivity (ED) model.19,76 The following boundary conditions are applied to solve Equations (24):43  

𝛼(𝜖𝑖 − 𝑌𝑙𝑖𝑠) = −𝐷eff
𝜕𝑌𝑙𝑖

𝜕𝑅
|
𝑅=𝑅𝑑−0

, 

 
(27) 

where 𝑌𝑙𝑖𝑠  =  𝑌𝑙𝑖𝑠(𝑡) are liquid component mass fractions at the droplet surface, and: 

𝛼 = |�̇�𝑑𝐸|. (28) 

Assuming that the ambient gas is a dry air (without vapour species), the values of 𝜖𝑖 are obtained from 

refs. 30,87,88, as:  

𝜖𝑖 =
𝑌𝑣𝑖𝑠

∑ 𝑌𝑣𝑖𝑠𝑖
. (29) 

The initial condition for mass fractions of species was presented as 𝑌𝑙𝑖 (𝑡 = 0) =  𝑌𝑙𝑖0(𝑅), leading to the 

analytical solution to Equation (24):30,43  

𝑌𝑙𝑖 = 𝜖i +
1

𝑅
{

[exp [𝐷eff (
𝜆0

𝑅𝑑
)
2

𝑡] [𝑞𝑖0 − 𝜖𝑖𝑄0] sinh (𝜆0
𝑅

𝑅𝑑
) +

∑ [exp [−𝐷eff (
𝜆𝑛

𝑅𝑑
)
2

𝑡]∞
n=1 [𝑞𝑖𝑛 − 𝜖𝑖𝑄𝑛] sin (𝜆𝑛

𝑅

𝑅𝑑
)
}, (30) 

where 𝜆0 and 𝜆𝑛 are calculated from equations tanh 𝜆0 = −𝜆0 ℎ0𝑌⁄  and tanh𝜆𝑛 = −𝜆𝑛 ℎ0𝑌⁄  (for n ≥

1), respectively, ℎ0𝑌 = −(1 +
𝛼𝑅𝑑

𝐷eff
), 

𝑄𝑛 = { 
−

1

‖𝑣𝑜‖
2 (

𝑅𝑑

𝜆0
)
2
(1 + ℎ0) sinh 𝜆0                when   𝑛 = 0

1

‖𝑣𝑛‖
2 (

𝑅𝑑

𝜆𝑛
)
2
(1 + ℎ0𝑌) sin 𝜆𝑛                       when   𝑛 ≥ 1

}, (31) 

 ‖𝑣𝑛‖
2 =

1

2
(1 −

𝑠𝑖𝑛 2𝜆𝑛

 2𝜆𝑛
) =

1

2
(1 +

ℎ0𝑌

ℎ0𝑌
2 +𝜆𝑛

2), and: 
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𝑞𝑖𝑛  = {  

1

‖𝑣0‖
2 ∫ 𝑅 𝑌𝑙𝑖0(𝑅) sinh (𝜆0

𝑅

𝑅𝑑
) 𝑑𝑅

𝑅𝑑
0

       when   𝑛 = 0

1

‖𝑣𝑛‖
2 ∫ 𝑅 𝑌𝑙𝑖0(𝑅) sin (𝜆𝑛

𝑅

𝑅𝑑
) 𝑑𝑅

𝑅𝑑
0

          when   𝑛 ≥ 1
}. (32) 

Solution (30) was incorporated into the numerical code, which was used in the analysis of droplet 

heating and evaporation.89 The calculations of fuel properties in the liquid phase were based on the 

average droplet temperatures (𝑇𝑎𝑣 =
3

𝑅𝑑
3 ∫ 𝑅2𝑇(𝑅) d𝑅

𝑅𝑑
0

). The calculations of fuel properties in the 

vapour phase were based on the reference temperature (𝑇𝑟 =
2

3
𝑇𝑠 +

1

3
𝑇𝑔). The ideal gas law was used 

for the calculation of ambient gas density. The calculations of latent heat of evaporation and vapour 

pressure at saturation point were performed at the surface temperature of the droplet 𝑇𝑠. 

3.4. Effects of activity coefficient 

The activity coefficient (AC) is a controlling parameter in determining the vapour molar fractions of 

individual species at the surface of a droplet (𝑋𝑣𝑖𝑠). The latter is estimated as: 

𝑋𝑣𝑖𝑠 = 𝛾𝑖
𝑋𝑙𝑖𝑠 𝑝𝑖𝑠

sat

𝜑𝑖𝑝
, (33) 

where 𝑋𝑙𝑖𝑠 is the molar fraction of the 𝑖𝑡ℎ  species in the liquid phase at the droplet surface, 𝛾𝑖 is the AC 

of the 𝑖𝑡ℎ species, 𝑝𝑖𝑠
sat is the saturated pressure at the droplet surface of the 𝑖𝑡ℎ  species (determined in 

the absence of other species), 𝜑𝑖  is the fugacity coefficient (or the ratio of fugacity/pressure), and 𝑝 is 

the total ambient pressure. For the parameters used in this review, it can be assumed that the fugacity 

coefficient is 𝜑𝑖 = 1 due to the ideal gas phase assumption.54 

Ref. 90 emphasised that it was necessary to calculate the AC. This suggestion was made in contrast to 

several previous publications (e.g., refs. 35,36,63,91,92) in which it was assumed that 𝛾𝑖 = 1, which 

reduces (33) to  Raoult’s law. The UNIFAC model was implemented in ref. 90 for the calculation of AC, 

which could then be applied to a broad range of fuel blends, including 21 components of 

ethanol/petrol, 114 components of biodiesel/Diesel, and 119 components of E85-Diesel fuel blends. 

The UNIFAC model takes into account the contributions of the combinatorial (C) and residual (R) 

terms, to account for the excess entropy and excess enthalpy, respectively. The excess entropy was 

based on the shapes and sizes of molecules and their atomic functional groups, and the excess enthalpy 

was based on the interactions among molecules, or among the molecular groups.93,94 The AC of the 𝑖𝑡ℎ 

species in a multi-component mixture was calculated using the following UNIFAC equation:95 

ln 𝛾i = ln 𝛾i
C + ln 𝛾i

R (34) 

where the combinatorial part is ln 𝛾i
C = ln

Ф𝑖

𝑋𝑖
+
𝑧

2
𝑞𝑖  ln

𝜃𝑖

Ф𝑖
 + 𝑙𝑖 −

Фi

𝑋𝑖
∑ 𝑋𝑗𝑙𝑗j , the residual part is 

ln 𝛾𝑖
𝑅 = ∑ 𝑣𝑘

𝑖 (ln Г𝑘 − lnГ𝑘
𝑖 )𝑘 , 𝑣𝑘

𝑖  is the number of groups in the 𝑖𝑡ℎ molecule, 𝜃𝑖 =
𝑞𝑖𝑋𝑖

∑ 𝑞𝑗𝑋𝑗𝑗
 is the area 

fraction of each molecule in the mixture, 𝜃𝑚 =
𝑄𝑚𝑋𝑚

∑ 𝑄𝑚𝑋𝑚𝑛
 is the area fraction of group 𝑚 molecules, 𝑙𝑖 =

𝑍

2
 (𝑟𝑖 − 𝑞𝑖) − (𝑟𝑖 − 1), 𝑍 = 10, 𝑟𝑖 = ∑ 𝑣𝑘

𝑖  𝑅𝑘𝑘  is the volume parameter, 𝑞𝑖 = ∑ 𝑣𝑘
𝑖  𝑄𝑘𝑘  is the surface 

parameter, Ф𝑖 =
𝑟𝑖𝑋𝑖

∑ 𝑟𝑗𝑋𝑗𝑗
 is the volume fraction of each molecule, ln Г𝑘 = 𝑄𝑘 [1 − ln(∑ 𝜃𝑚𝜓𝑚𝑘𝑚 ) −

∑
𝜃𝑚𝜓𝑘𝑚

∑ 𝜃𝑛𝜓𝑛𝑚𝑛
𝑚 ], 𝑋𝑖 is the molar fraction of the 𝑖𝑡ℎ liquid component (identical to 𝑋𝑙𝑖𝑠 in Equation (33)), 

𝑋𝑚 is the molar fraction of group 𝑚 molecules, 𝜓𝑚𝑛 = 𝑒
−(

𝑎𝑚𝑛
𝑇
) is the interaction coefficient, 𝑇 is the 

interface temperature, 𝑎𝑚𝑛 is the group-interaction parameter between groups m and n, 𝑅𝑘 are the van 

der Waals volumes, and 𝑄𝑘 are the van der Waals surface areas.94,95 Both 𝑅𝑘 and 𝑄𝑘 are dependent on 

the characteristics of the group; e.g., bonding angles, bonding distances, shapes, and contact 
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distances.96 The van der Waals values, 𝑅𝑘 and 𝑄𝑘, and the interaction parameters  𝑎𝑚𝑛 were calculated 

in ref. 90 for selected molecular groups in fuels, as shown in Tables 5 and 6, respectively.  

Table 5. Van der Waals volumes (𝑅𝑘) and surface areas (𝑄𝑘) for various fuel chemical groups.90 

Chemical group 𝑚-group 𝑅𝑘 𝑄𝑘  

alkanes 1 

0.9011 0.848 

0.6744 0.540 

0.4469 0.228 

olefin 2 1.3454 1.176 

benzene 3 0.5313 0.400 

alkylbenzenes 4 

1.2663 0.968 

1.0396 0.660 

0.8121 0.348 

ethanol 5 1.0000 1.200 

methyl ester 11 1.6764 1.188 

Table 6. Interaction parameters (𝑎𝑚𝑛) between 𝑚 and 𝑛 groups, used in the UNIFAC model.90 

𝑚-group 
𝑎𝑚𝑛 (in K) for each 𝑛-group number 

𝑛 = 1 2 3 4 5 11 

1 0.0 86.02 61.13 76.50 986.5 232.11 

2 −35.36 0.0 38.81 74.15 524.1 37.85 

3 −11.12 3.446 0.0 167.0 636.1 5.994 

4 −69.70 −113.6 −146.8 0.0 803.2 5688 

5 156.4 457.0 89.6 25.82 0.0 101.1 

11 114.8 132.1 85.84 −170.0 245.4 0.0 

It was emphasised in ref. 90 that the same values of 𝑅𝑘 and 𝑄𝑘 and structures of groups as those 

presented in Tables 5 and 6 apply to other fuel types and blends (e.g., E85-Diesel fuel blends) that 

consist of the same molecules. If different molecules are detected, the structures of these molecules are 

approximated by the structures for which 𝑅𝑘 and 𝑄𝑘  can be defined.90 Such approximation, originally 

suggested in ref. 47, is useful for the prediction of the ACs of all components of fuels and fuel blends. In 

the case of ethanol/petrol fuel blends, the mixture is non-ideal. Therefore, the partial vapour pressure 

was corrected with AC, using the UNIFAC model. In some studies (e.g., ref. 97), however, this model 

was found to be complicated, and alternative approaches, such as the Wilson equation, were used to 

calculate the ACs. The Wilson equation was found to be simple to implement but it had limited 

applicability, to binary components alone. Hence, the UNIFAC model was believed to be the most 

attractive approach for the calculation of ACs of multi-component fuel droplets.93,98  

An example of the saturated vapour pressures calculated using the UNIFAC model at different mass 

fractions of ethanol in ethanol/petrol fuel (masseth (masseth +masspetrol)⁄ ) at 296 K and 350 K was 

presented in ref. 90, and is reproduced in Figure 1. In this figure, a comparison is made between the 

predictions of the UNIFAC model and the classical approach (assuming AC = 1) based on the validity 

of Raoult’s law. 

One can see from Figure 1 that the non-unity ACs of the ethanol/petrol fuel blends, calculated using 

the UNIFAC model, have significant influence on the accuracy of the predicted 𝑝
sat

. This influence is 

more noticeable for the balanced mixture, where the inter-molecular forces are low due to breaks in 

the hydrogen bonds, which leads to higher 𝑝
sat

.99 For the least balanced molecules (i.e. mixtures with 

either the lowest or highest concentrations of ethanol) and at low 𝑝
sat

, the hydrogen bonds become 

stronger and more influential. The predictions obtained using the UNIFAC model were found to be 

compatible with the experimental data reported in refs. 100–102 (see Section 3.5).  
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Figure 1. Total saturated vapour pressure (𝑝
sat) versus ethanol mass fractions for the whole range from EM0 to 

EM100 (EM# = masseth (masseth +masspetrol)⁄ ), predicted based on: the calculated AC of multi-component fuel, 

using the UNIFAC model, and the classical assumption that AC = 1, using Raoult’s law, at ambient temperatures 

𝑇 = 296 K and 350  K. Reproduced with modifications from International Communications in 

Heat and Mass Transfer 98, 177–182, “The impacts of the activity coefficient on heating and evaporation of 

ethanol/petrol fuel blends,” by Al-Esawi et al., copyright Elsevier (2018). 

Following the successful implementation of the transient UNIFAC model into the DC model,90 a further 

investigation was made focused on the validation of its predictions. In ref. 103, the droplet heating and 

evaporation were analysed for various ethanol/petrol (including E0 (pure petrol), E5, E20, E30, E50, 

E85 and E100 (pure ethanol)) fuel blends under a broad range of ambient conditions. It was shown 

that the errors attributed to using  Raoult’s law were up to 5.7% and 0.4% for the predictions of droplet 

lifetimes and surface temperatures, respectively. 

3.5. Model validation  

The DC model was applied to the analysis of ethanol/petrol (a combination of iso-octane and heptane) 

fuel droplet evaporation, and the results were validated against experimental data,104 as shown in 

Figure 2. The following mixtures were investigated: EW30 (in EWX, X% refers to the mass fraction of 

ethanol and (100 − X)% is the remaining mass fraction of petrol), EW70, and EW100. The mass 

fractions in EW70 and EW30 fuel blends are equivalent to the volume fractions of 67% ethanol/33% 

petrol and 27% ethanol/73% petrol, respectively. The blended fuel droplets were assumed to have 

initial radii equal to 23.6 μm, initial temperatures equal to 280.15 K, and they were suspended in 

stationary dry air of 1 atm ambient pressure.  
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Figure 2. Normalised radii (𝑅𝑑 𝑅𝑑𝛰⁄ ) of EW30, EW70 and EW100 droplets inferred from predicted (in ref. 103) 

and experimental (see ref. 104) data. Reprinted with modifications with permission from Energy & Fuels, 32, 

Pages 6498–506, “Ethanol/gasoline droplet heating  and evaporation: Effects of fuel blends  and ambient 

conditions,” by Al Qubeissi et al., copyright (2018) American Chemical Society. 

One can see from Figure 2 that the initial evolutions of predicted droplet radii were in close agreement 

with those obtained from experimental data.104 At later stages of droplet evaporation, however, the 

differences between the plots were more noticeable. The difference was more significant for higher 

mass fractions of ethanol (e.g., EW70–EW100); hence, modelling results near the end of these droplet 

lifetimes are less reliable. These noticeable differences were attributed to the experimental set-up used 

in ref. 104, in which steam condenses from the ambient gas to the fuel droplets during the experiment. 

The justification and impact of such measurement uncertainty was made clear in ref. 103.  

In refs. 47,90,103, the validation of the DC model, applied to the analysis of evaporation of Diesel fuel 

droplets, was investigated. Also, the results were verified against the data predicted by other numerical 

analyses. Following previous studies,105,106 the authors of refs. 47,90,103 approximated Diesel fuel by 

the following 6 hydrocarbons with mass fractions: 11% decane (C10H22), 21% dodecane (C12H26), 8% 

toluene (C7H8), 27% tetradecane (C14H30), 16% octadecane (C18H38) and 17% hexadecane (C16H34). In 

refs. 105,106, the initial diameters of Diesel fuel droplets were assumed equal to 0.84 mm (for ambient 

gas temperature 𝑇𝑔 = 723 K ) and 0.86 mm (for 𝑇𝑔 = 523 K). The initial fuel temperature was equal to 

300 K. The droplets were suspended from a quartz fibre tip. The relative velocity of droplets was about 

0.3 m/s (constant) and they were placed in a chamber at 1 atm ambient pressure.  

In ref. 47, the evolutions of droplet diameters were predicted using the DC model with analytical 

solutions to the heat transfer and species diffusion equations, and compared with the predictions of 

this model using the numerical solutions to the same equations obtained in ref. 105. These predictions 

were validated using the experimental data of ref. 106. The result of these comparisons is presented in 

Figure 3. Note that it was stated in ref. 105 that “the droplet temperature and composition were 

assumed to be uniform”, which contradicted the principle of using the ETC/ED models in the same 

paper. In refs. 47,90,103, this statement was assumed to be a typographical error, and it was 

intentionally ignored. 

As follows from Figure 3, the predictions of the DC model in ref. 47 are very close to the numerical and 

experimental data. The total vapour pressures of ethanol/petrol (E0–E100) blends, predicted using 
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the UNIFAC model (Section 3.4), were validated against the experimental data.102 The comparison of 

the results of ref. 107 and the results of measurements presented in ref. 102 are shown in Figure 4. The 

difference between the predicted, using the UNIFAC model, and the experimentally measured vapour 

pressures was insignificant. These minor differences, however, were partly attributed to the 

differences between the fuel used in ref. 107 (petrol FACE C) and the New Zealand regular grade 

unleaded petrol fuel used in the experiments of ref. 102. It was found in ref. 107 that the physical 

properties of these fuels were reasonably close. 

 
Figure 3. Normalised squared radii (𝑅𝑑

2 𝑅𝑑0
2⁄ ) of Diesel fuel droplets versus time, predicted by the DC model based 

on analytical solutions (DC predictions),47 the numerical algorithm described in ref. 105 (Numerical) and the 

measurement results reported in ref. 106 (Measurement) at ambient temperatures of 523 K and 723 K (indicated 

near the curves). Reprinted with permission from Energy & Fuels, Vol. 33, Pages 2477–2488, “Blended E85–

Diesel fuel droplet heating and evaporation,” by Al Qubeissi et al., copyright (2019) American Chemical Society. 

 
Figure 4. Total vapour pressures of ethanol/petrol predicted by UNIFAC,90 and those experimentally 

measured,102 at 303 K, 313 K, 323 K and 333 K. Reprinted from International Communications in Heat and Mass 

Transfer, Vol. 98, Pages 177-182, “The impacts of the activity coefficient  on heating and evaporation of 

ethanol/gasoline fuel blends,” by Al-Esawi et al., copyright Elsevier (2018). 
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3.6. Ethanol/petrol fuel blends 

In this section, the major effects of the input parameters (including blending ratios, ambient and 

radiative temperatures, and ambient pressures) on ethanol/petrol fuel droplet heating and 

evaporation are reviewed. Many investigations have been performed with mixtures of petrol and 

ethanol.54,104,108 In refs. 90,103, the DC model was applied to the analysis of droplets of petrol FACE C, 

ethanol and their blends. It was shown that petrol can be mixed with up to 10% ethanol with minimal 

impact on engines.12 In accordance with the UK Department for Transport, increasing ethanol volume 

fractions from 5% to 10% in ethanol/petrol fuels is equivalent to taking 35,000 cars off the road in 

terms of emissions.16,109 In this section, the impacts of ethanol (a typical biofuel that can be blended 

with petrol) on petrol droplet heating and evaporation are reviewed, accounting for several in-cylinder 

conditions. The analyses took into account the vapour-liquid equilibrium of the blend, using the 

UNIFAC model to calculate the non-unity activity coefficient. It is worth noting that ethanol is a polar 

liquid, unlike petrol fuel. The assumption that the value of the activity coefficient is unity, using Raoult’s 

law, was shown to be invalid for predicting the vapour pressures of such fuel blends (see Section 

3.4).110  

3.6.1. Impacts of fuel blends  

In what follows, the results of investigations into the effects of various fractions of ethanol in 

ethanol/petrol fuel blends on droplet heating and evaporation are reviewed. In ref. 103, the impacts of 

the following molar fractions of ethanol in ethanol/petrol fuel blends were investigated: 100% (pure 

ethanol, indicated as EM100), 85% (indicated as EM85), 50% (indicated as EM50), 20% (indicated as 

EM20), 5% (indicated as EM5) and 0% (pure petrol, indicated as EM0). These were converted to the 

following volume factions for comparable industrial understanding of the mixtures: 70% vol. 

ethanol/30% vol. petrol for EM85, 29% vol. ethanol/71% vol. petrol for EM50, 9% vol. ethanol/91% 

vol. petrol for EM20, and 2% vol. ethanol/98% vol. petrol for EM5. The contributions of all 21 

components in ethanol/petrol FACE C fuel blends were considered. The blended fuel droplet radii 𝑅𝑑 

and surface temperatures 𝑇𝑠 were presented versus time, as shown in Figure 5.   

The authors of ref. 103 assumed that the initial droplet radius was 𝑅𝑑𝑜 = 12 μm. This was inferred 

from the measured Sauter mean diameter (SMD).36 The droplet, at 𝑇𝑑0 = 296 K (initial temperature), 

was assumed to be moving at constant velocity 𝑈𝑑 = 24 m ∙ s−1. The ambient (in-cylinder) 

temperature and pressure were equal to 𝑇𝑔 = 545 K and 𝑝𝑔 = 9 bar, respectively. In Figure 5, the petrol 

fuel (EM0) droplet lifetime was shorter than those of the ethanol/petrol blends. The droplet lifetimes 

increased for the higher ethanol fractions in the  ethanol/petrol blends. A similar trend was previously 

reported in refs. 104,108. The droplet lifetime was 33.9% longer for EM100, compared with that of 

EM0. This was attributed to the difference in the thermodynamic and transport properties of both 

fuels. The longer droplet lifetime of ethanol (EM100) was also related to its lower droplet surface 

temperature, which was about 24.3% lower than that of EM0. This was due to the fact that the critical 

temperature of EM100 (514 K) and its boiling temperature (351.5 K) were both lower than those of 

any of the petrol FACE C components; for example, the critical and boiling temperatures of C8H18 are 

543.9 K and 372.4 K, respectively. The compositions of the blends were the main influence on these 

trends. In Figure 6, the evolutions of surface mass fractions of some components of the EM20 fuel blend 

are illustrated following ref. 103. 
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Figure 5. Plots of 𝑅𝑑  (a) and 𝑇𝑠  (b) versus time for various ethanol/petrol blends. Reproduced with modifications 

with permission from Energy & Fuels, Vol. 32, Pages 6498–506, “Ethanol/gasoline droplet heating and 

evaporation: Effects of fuel blends and ambient conditions,” by Al Qubeissi et al., copyright (2018) American 

Chemical Society.  

As can be seen from Figure 6, in the case of heavy species their liquid mass fractions at the droplet 

surface monotonically increase with time at the expense of the lighter species. In the case of the 

intermediate species (e.g., iso-C10H22), their mass fractions at the droplet surface initially increase and 

then decrease with time. The same trend was predicted in ref. 31. Such complex behaviour of species 

can have significant impacts on the distributions of species in the liquid (inside droplets) and vapour 

phases inside the combustion chamber when considering realistic ICE conditions. 
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Figure 6. Liquid mass fractions of some representative species of the EM20 fuel blend at the droplet surface, 𝑌𝑙𝑖𝑠, 

versus time. The following components are shown: n-C12H26 (1), iso-C7H16 (2), iso-C8H18 (3), iso-C11H24 (4), iso-

C10H22 (5), arom-C9H10 (6) and C2H6O (7). Reproduced, with modifications, with permission from Energy & Fuels, 

Vol. 32, Pages 6498–506, “Ethanol/gasoline droplet heating and evaporation: Effects of fuel blends and ambient 

conditions,” by Al Qubeissi et al., copyright (2018) American Chemical Society. 

3.6.2. Impacts of ambient conditions  

In ref. 103, a wide range of petrol engine conditions (including in-cylinder pressures, temperatures 

and radiative effects) were taken into account to improve our understanding of droplet heating and 

evaporation of EM0–EM100 fuels. The ranges for ambient pressures were 3–30 bar, those for ambient 

gas temperatures were 400–650 K, and those for radiative temperatures were 1000–2000 K. The 

model used in ref. 103 took into account the maximal impact of thermal radiation on droplet heating 

(considering the radiative heating as a surface phenomenon; see Expression (7)). This was different to 

previous studies (e.g., refs. 42,78), where droplets were assumed to be semi-transparent. Using the DC 

model described in Sections 3.1–3.3, the impacts of these radiative temperatures on droplet lifetime 

were investigated. The results are illustrated in Figure 7. 
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Figure 7. Droplet lifetimes of EM0–EM100 fuel blends versus radiative temperatures 𝑇rad, assuming that the 

radiative heating is a surface phenomenon (see Equation (7)) at 9 bar ambient pressure and 550 K ambient 

temperature. Reprinted with permission from Energy & Fuels, Vol. 32, Pages 6498–506, “Ethanol/gasoline 

droplet heating and evaporation: Effects of fuel blends and ambient conditions,” by Al Qubeissi et al., copyright 

(2018) American Chemical Society. 

From Figure 7 it follows that higher radiative temperatures led to significant reductions in droplet 

lifetimes. The impact of radiation was less significant for droplets with higher ethanol/petrol fuel ratios 

compared to those with more dominant petrol fuel in the mixture. This phenomenon was not directly 

linked to the radiation effects since the droplet lifetimes of ethanol were the longest (see Figures 8-

10). More examples showed the effects of ambient pressures and temperature on EM0–EM100 fuel 

droplet lifetimes.103  

The effects of ambient pressures at 650 K ambient temperature are illustrated in Figure 8. As can be 

seen from this figure, the droplet lifetimes become shorter at higher ambient pressures. It has also 

been shown that EM100 (pure ethanol) droplets have the longest lifetimes and EM0 (pure petrol) 

droplets have the shortest lifetimes. The impacts of the ambient temperatures on droplet lifetimes at 

3 bar are shown in Figure 9. The trends shown in Figure 9 (decrease in droplet lifetimes with increasing 

temperatures) are similar to those shown in Figure 8.  

 
Figure 8. Droplet lifetimes of EM0–EM100 fuel blends versus ambient pressures, estimated using the same model 

as in Figure 7 but at a constant ambient temperature of 650 K. The effects of thermal radiation are ignored. 

Reproduced with modifications with permission from Energy & Fuels, Vol. 32, Pages 6498–506, 

“Ethanol/gasoline droplet heating and evaporation: Effects of fuel blends and ambient conditions”, by Al Qubeissi 

et al., copyright (2018) American Chemical Society. 
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Figure 9. Droplet lifetimes of EM0–EM100 fuel blends versus ambient temperatures, estimated at ambient 

pressure of 3 bar using the same model as in Figures 7 and 8. The effects of thermal radiation are ignored. 

Reprinted with permission from Energy & Fuels, Vol. 32, Pages 6498–506, “Ethanol/gasoline droplet heating and 

evaporation: Effects of fuel blends and ambient conditions,” by Al Qubeissi et al., copyright (2018) American 

Chemical Society. 

In Figure 9 one can see that droplet lifetimes are shortened at higher ambient temperatures for all fuel 

mixtures. It can be concluded that the general trends illustrated in Figures 7–9 are that increasing the 

ambient pressures, temperatures, or the radiative temperatures always shortens the evaporation 

times of any ethanol/petrol blend droplet. Pure ethanol (EM100) droplets take longer to evaporate 

than those mixed with petrol. 

3.7. Biodiesel/Diesel fuel blends  

Heavy duty ICE are very powerful engines driven mainly by Diesel fuel.111 These engines, however, 

have been causing environmental pollution, including the release of carbon oxides. Many attempts (e.g., 

refs. 112–119) have been made to replace Diesel fuel with alternatives (e.g., Diesel/biofuel blends). 

Biodiesel fuels are commonly used to replace Diesel fuel due to their several advantages. Both fuels 

have relatively close Cetane Numbers (CN) and thermodynamic properties. Therefore, some 

biodiesel/Diesel fuel blends can be used in standard Diesel engines without modification.113,114 Also, 

CO2 emissions from biodiesel fuels are much lower than from Diesel fuel. Their flash point is higher, 

and production is more sustainable than that of Diesel fuel. According to Tier I and Tier II standards by 

the U.S. Environmental Protection Agency (see ref. 7 for details), the current FAME fuels meet the 

requirements for potential health effects of fuel combustion emissions. 120 In this section, the studies 

of the effects of adding biodiesel and ethanol to Diesel fuel on droplet heating and evaporation and 

relevant combustion characteristics are summarised.  

3.7.1. Impacts of fuel blends 

In ref. 45, the DC model, described in Sections 3.1-3.4, was used for the analysis of biodiesel/Diesel fuel 

droplet heating and evaporation. A droplet of Rdo = 12 μm (initial radius) and To = 360 K (initial 

temperature) was moving at constant velocity Ud = 10 m.s-1. The ambient pressure and temperature 

were equal to 𝑝𝑔 = 30 bar and 𝑇𝑔  = 800 K, respectively. The following biodiesel/(biodiesel + Diesel) 

fuel blends were considered: B0, B5, B20, B50, B80, and B100 (B# refers to molar fractions #% of 

biodiesel/(biodiesel + Diesel) fuel blend), using Soybean Methyl Esters (SME) and Waste Cooking Oil 
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Methyl Ester (WCO) biodiesel fuels. An example of the influence of biodiesel molar fractions in 

biodiesel/Diesel fuel on the droplet lifetimes was presented in ref. 45 and is reproduced in Table 7. 

One can see from Table 7 that increasing biodiesel molar fractions from B5 (5% biodiesel and 95% 

Diesel) to B100 (pure biodiesel) had noticeable impacts on droplet lifetimes for both SME and WCO 

fuels, compared to the case of B0 (pure Diesel) fuel.  

Table 7.  Biodiesel/(biodiesel + Diesel) fuel droplet lifetimes (in ms) and the differences between those and that 

of a B0 droplet (2.25 ms), (Diff % =
lifetimeB0− lifetimeblend

lifetimeB0
) × 100.45  

 

In Table 7, one can see that the B100 SME droplet lifetime was 12% shorter than that of pure Diesel 

fuel (B0). In the case of B5, the reduction in droplet lifetime did not exceed 0.7% compared to the B0 

droplet. Also, the WCO biodiesel fuel droplet lifetimes were noticeably close to those of the SME 

droplets; these were 12% and 0.7% shorter for the B100 and B5 WCO blends, respectively, compared 

to the B0 droplet lifetime. These differences in droplet lifetimes should not be ignored in most 

engineering applications. Results of a similar investigation were presented in ref. 46, but for a broad 

range of biodiesel fuels, considering twenty types of FAME fuel. Some results presented in ref. 46 are 

reproduced in Table 8, where the droplet lifetimes of these biodiesel/(biodiesel + Diesel) fuel 

mixtures were compared to that predicted for B0 fuel (2.25 ms). In Table 8, the B100 RME fuel droplet 

lifetime was 6% shorter than that of B0. In the case of the B5 RME fuel blend, this reduction was less 

than 0.4% under the same conditions. Also, in the case of TGE biodiesel fuel, the droplet lifetime was 

close to that of a B0 fuel droplet; it was up to 8% longer for B100 and up to 0.5% longer for B5. For all 

pure biodiesel fuels (B100), the difference between the lifetimes of droplets of these fuels and those of 

B0 droplets was the highest for B100 CME fuel (up to 21. 6%), indicating that this fuel would be more 

difficult to use than B0. The difference was lowest for B100 RME (5.29%), suggesting that it might be 

better tolerated than B0 in some engineering applications. 

Table 8. Biodiesel/Diesel fuel droplet lifetimes (in ms) and the differences between those and that of a pure Diesel 

fuel (B0) droplet (2.25 ms) (Diff % =
lifetimeB0− lifetimeblend

lifetimeB0
) × 100.46  

FAME 
B100 B50 B20 B5 

Lifetime  Diff % Lifetime Diff % Lifetime Diff % Lifetime Diff % 

TME 1.967 12.6 2.102 6.6 2.184 2.9 2.232 0.80 

LME 1.995 11.3 2.114 6.0 2.190 2.7 2.234 0.71 

BME 1.943 13.6 2.089 7.2 2.180 3.1 2.232 0.80 

CME 1.765 21.6 2.036 9.5 2.166 3.7 2.229 0.93 

PMK 1.846 18.0 2.050 8.9 2.169 3.6 2.230 0.89 

PME 1.944 13.6 2.097 6.8 2.183 3.0 2.232 0.80 

SFE 1.980 12.0 2.122 5.7 2.195 2.4 2.235 0.67 

PTE 2.052 8.8 2.138 5.0 2.199 2.3 2.236 0.62 

CSE 2.014 10.5 2.128 5.4 2.197 2.4 2.236 0.62 

CNE 2.002 11.0 2.128 5.4 2.197 2.4 2.236 0.62 

SNE 2.011 10.6 2.132 5.2 2.200 2.2 2.237 0.58 

RME 2.131 5.3 2.188 2.8 2.222 1.2 2.242 0.36 

LNE 1.991 11.5 2.141 4.8 2.206 2.0 2.239 0.49 
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TGE 2.085 7.3 2.160 4.0 2.211 1.7 2.240 0.44 

HME1 2.022 10.1 2.138 5.0 2.203 2.1 2.237 0.58 

HME2 1.994 11.4 2.135 5.1 2.202 2.1 2.238 0.53 

CAN 2.014 10.5 2.130 5.3 2.199 2.3 2.236 0.62 

CML 2.064 8.3 2.153 4.3 2.209 1.8 2.239 0.49 

JTR 2.047 9.0 2.133 5.2 2.198 2.3 2.236 0.62 

YGR 2.077 7.7 2.149 4.5 2.203 2.1 2.237 0.58 

 

3.7.2. Impacts of ambient conditions  

Note that in refs. 35,45,121 the radiative effects on the evaporation of droplets were not taken into 

account. The latter effects were investigated in refs. 64,65, where the full compositions of 

biodiesel/Diesel fuel blends were considered, using a simplified radiation model (see Equation (7)). In 

ref. 65, a broad range of SME and WCO biodiesel/(biodiesel + Diesel) fuel blends (B0–B100) were 

considered in order to investigate the impacts of radiation temperature (in the range 1000 K– 2000 K) 

on droplet lifetimes. The results of these investigations under a range of Diesel engine injection 

conditions are presented in Table 9 and illustrated in Figures 10 and 11. 

As follows from Table 9, the impacts of radiation on droplet lifetimes become more noticeable at high 

radiation temperatures, as expected. There were reductions in droplet lifetimes, of up to 19.4% for B0 

and up to 23.3% for B100, when the radiation temperature was assumed equal to 2000 K. The impact 

of radiation temperatures on droplet lifetimes increased as the biodiesel/(biodiesel + Diesel) molar 

fractions increased. The effects of in-cylinder temperatures and pressures on the estimated droplet 

lifetimes for B0–B100 fuel blends are illustrated in Figures 10 and 11. In Figure 10, the droplet lifetimes 

shortened as the ambient pressures increased at 800 K ambient temperature. Similar results were 

obtained for all fuel blends of SME/Diesel and WCO/Diesel. This effect was attributed to the increased 

gas density and faster evaporation rates at higher ambient pressures. Similarly, increasing the ambient 

temperatures at ambient pressure pg = 30 bar shortened the droplet lifetimes (see Figure 11). 

Table 9. Blended fuel droplet lifetimes (in ms), taking into account the effects of radiation, and the differences 

between those and the case when radiation is ignored, (Diff % =
lifetimeno rad- lifetimerad

lifetimeno rad
× 100).65  
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Figure 10. Droplet lifetimes of B0–B100 SME/Diesel fuel blends versus ambient pressures at Tg = 800 K. 

Reproduced with modifications from ref. 65. Copyright Begellhouse (2018). 

 
Figure 11. Droplet lifetimes of B0–B100 SME/Diesel fuel blends versus ambient temperatures at p

g
= 30 bar. 

Reproduced with modifications  from ref. 65. Copyright Begellhouse (2018). 

3.8. Ethanol/biodiesel/Diesel fuel blends 

Ethanol has been commonly mixed with Diesel to improve fuel combustion characteristics. Such 

mixtures require additive (intermediate) agents to attain the required miscibility, control the phase 

separation, and stabilise the mixture.112,122 Some attempts were made to use Dimethyl ether (DME) as 

a mixing agent and to boost the cetane number (CN) of Diesel fuel.123 Although DME can be a good 

stabilizer, it cannot be used in Diesel ICE effectively because of its low MM, boiling point, and density, 

compared to Diesel fuel. It was found that biodiesel can be a chemically-convenient additive agent for 

the ethanol/Diesel (E/D) fuel blend.124  

In ref. 112, it was found that adding biodiesel to the E/D blend made a significant contribution to 

reducing CO and hydrocarbon emissions in real ICE. In ref. 115, the solubility of an 
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ethanol/biodiesel/Diesel (EBD) blend was good, even with cold injection. A study by Beatrice et al.125 

showed that replacing pure Diesel fuel with a  E20/B10/D70 (20% ethanol, 10% biodiesel and 70% 

Diesel) fuel blend led to significant reduction in the smoke and nitrogen oxide (NOX) emissions of ICE. 

Similar results were shown in an experimental study by Fang et al.,126 where the EBD blend had a 

significant impact on reducing NOX emissions.  

Similarly, many studies (e.g., refs. 127–131) showed that using EBD in Diesel engines increased CN and 

produced less NOx emissions than did Diesel fuel. The results presented in refs. 124,132 showed that 

a mixture of up to E10/B25/D65 was acceptable in terms of improving the CN, solubility and heating 

value and reducing toxic emissions compared with pure Diesel fuel. The impacts of such blends on the 

evolutions of droplet heating and evaporation, using the full fuel compositions, was investigated in a 

recent study.64 In this section, the key findings presented in this paper are reviewed. The focus will be 

on the investigation of the effect of mixing various fractions of EBD blends on droplet lifetimes and 

surface temperatures.  

3.8.1. Cetane number and viscosity 

It has long been known that CN is an important parameter for the evaluation of Diesel fuel 

combustion.133 Also, fuel viscosity has been shown to have an important influence on fuel atomization 

and combustion in Diesel engines.130,134 Biodiesel fuel was recommended as an addition to the E/D 

mixture to compensate for the decrease in CN and viscosity in this mixture.122 In ref. 135, the feasibility 

of using EBD fuel in Diesel engines was investigated in terms of replicating the pre-combustion 

features, including CN and viscosity. Following ref. 136, the CN of EBD fuel was predicted. The CN of 

Diesel fuel (CND) was predicted as:137 

CND =
∑ 𝑣𝑖𝛽𝑖CNi𝑖

∑ 𝑣𝑖𝛽𝑖𝑖
, (35) 

where 𝑖 is the index of the chemical group or species, and CN𝑖, 𝑣𝑖  and 𝛽𝑖 are the cetane number, total 

volume fraction and blending parameter of that group, respectively. CNs of individual components are 

inferred from refs. 137–140. In ref. 35, due to the similar physical properties of iso-alkane and n-alkane 

groups, they were merged into one group of alkanes. In ref. 135, these two groups were accounted for 

individually for the calculation of their CN, due to the influence of chemical structures (straight or 

branched chain) on this value. Using Expression (35), the predicted CND are presented in Table 10. In 

ref. 135, the three groups of Diesel fuel with small molar fractions (0.66%, 1.56%, 1.224%)35 were 

ignored. 

Table 10. Volume fractions and 𝛽𝑖  of each group of Diesel fuel components and the predicted CND.135 

 

The biodiesel fuel CNs of individual methyl esters were calculated based on their numbers of carbon 

atoms and double-bonds.141 The total biodiesel fuel CN (CNB) was calculated using the following 

formulae:142  

CNB = 1.068∑(CN𝑖𝑦𝑖) − 6.747, (36) 
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where 𝑦𝑖  is the mass fraction of the 𝑖𝑡ℎ methyl ester. The latter formula predicts that adding 1% vol. of 

some biodiesel fuels can increase the CN of the blend by 0.55, which can compensate for the 0.6 units 

decrease in that CN if the same amount of ethanol (1% vol.) is added. The finding that the reduction in 

CN caused by ethanol can be compensated for cannot, however, be generalised to all types of biodiesel 

fuels. It was noted in ref. 135 that the CNB was dependent on the molecular structures of individual 

methyl esters. For example, a very low CN (≈ 23) was shown for methyl lineolate (C
19
H

34
O

2
). Hence, 

adding biodiesel fuels with small fractions of methyl lineolate, e.g., SME, can be an appropriate means 

of boosting the CN of the blend. A typical example showing the impact of different EBD volume fractions 

on their CN is illustrated in Table 11. 

In the same study,135 the EBD CN was predicted as:136  

CNEBD = CND − 0.59𝑣E + 0.55𝑣B, (37) 

where 𝑣E and 𝑣B are the volume fractions of ethanol and biodiesel, respectively. The results predicted 

by Expression (37) were verified using the predictions of CN for EBD blends.143  

The approach of ref. 95 for the calculation of EBD viscosity was based on species and structures, using 

the UNIFAC–VISCO method. This was described as a ‘rigorous approach’,135 given by the following 

formula: 

ln 𝜇𝑚 =∑𝑥𝑖 ln(𝜇𝑖𝑉𝑖) − ln𝑉𝑚 +
Δ∗𝑔𝐸𝐶

𝑅𝑇
+
Δ∗𝑔𝑅𝐶

𝑅𝑇
𝑖

, (38) 

where 𝜇𝑚 is the viscosity of the mixture and 𝜇𝑖  is the viscosity of the 𝑖𝑡ℎ component, 𝑉𝑚 and 𝑉𝑖 are the 

critical (molar) volumes of the mixture (cm3 ∙mol−1) and the 𝑖𝑡ℎcomponent, respectively, 
Δ∗𝑔𝐸𝐶

𝑅𝑇
=

∑ 𝑥𝑖𝑖 ln
Ф𝑖

𝑋𝑖
+
𝑧

2
∑ 𝑥𝑖𝑖 𝑞𝑖 ln

𝜃𝑖

Ф𝑖
, and 

Δ∗𝑔𝐸𝑅

𝑅𝑇
= −∑ 𝑥𝑖𝑖 ln 𝛾𝑖

∗𝑅 . All the terms and parameters in Expression (38) 

are the same as those in the UNIFAC model (Section 3.4). The results of the application of Expression 

(38) to predict EBD viscosity are summarised in Table 12.  

Table 11. Predicted CN of biodiesel, Diesel, ethanol, and their blends.135 

 

Table 12. Viscosities of Diesel, biodiesel, ethanol, and their blends, calculated at 𝑇 = 40 ℃.135 

 

One can see from Tables 11 and 12 that adding up to 5% ethanol and 15% biodiesel (E5/B15/D80) can 

lead to reductions in the CN and viscosity of up to 0.2% and 2%, respectively, compared to those of 

pure Diesel (D100). The addition of biodiesel fuel to the mixture, however, compensates for the 

reduction in the CN and viscosity caused by ethanol. This is noticeable for the cases of E/D blends 
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without biodiesel additions. For example, E10/D90 has 10.8% smaller CN and 7% smaller viscosity, 

compared to those of D100. 

3.8.2. Heating value 

In ref. 135, the impacts of EBD blends on their heating values (HV) were investigated based on the 

following formula:144 

HVblend =
𝑣𝐵HV𝐷𝜌𝐷 + 𝑣𝐵HV𝐵𝜌𝐵 + 𝑣𝐸HV𝐸𝜌𝐸

𝜌blend
, (39) 

where HV𝐸 , HV𝐵 and HV𝐷 are the HV of ethanol, biodiesel and Diesel fuels (in MJ/kg), respectively, 𝑣𝐸 , 

𝑣𝐵 and 𝑣𝐷 are the corresponding volume fractions of EBD components, and 𝜌𝐸 , 𝜌𝐵 , 𝜌𝐷 and 𝜌blend are 

the corresponding densities and the density of the blend, respectively. In ref. 135, the predictions of 

(39) were compared to the experimental data.112 The results are illustrated in Figure 12. 

 
Figure 12. Predicted135 and experimentally measured112 heating values, for EBD blends: 1) B10/D90, 2) 

E5/B5/D90, 3) E10/D90, 4) B15/D85, 5) E5/B10/D85, 6) E10/B5/D85, 7) E15/D85, 8) E5/B15/D80, 9) 

E10/B10/D80, 10) E15/B5/D80, 11) D100, 12) B100 and 13) E100. Reproduced with permission from Energies, 

Vol. 12, “The impact of biodiesel fuel on ethanol/diesel blends,” by Al-Esawi et al; published by MDPI (2019).  

As shown in Figure 12, the HV predicted using (38) agree very well with those experimentally 

measured112 for all EBD fuel blends. In the case of pure ethanol (case 13) the HV is the lowest due to 

the relatively simple structure of this fuel. However, the biodiesel fuel addition compensates for this 

loss. For example, in the case of E10/D90 (case 3) HV is 3% lower than that of D100, but in the case of 

E5/B5/D90 (case 2) HV is only 0.5% lower than that of D100.  

4. Multi-dimensional quasi-discrete model 

The MDQDM (‘Multi-Dimensional Quasi-Discrete Model’ introduced in ref. 35) was a generalisation of 

the Quasi-Discrete (QD) model (introduced in ref. 33). The QD model was applicable to a single group 

of hydrocarbons within fuels, while the MDQDM was applicable to a realistic number of groups within 

fuels. In what follows the main features of both models are summarised. 

4.1. Quasi-discrete model  

In the original quasi-discrete model,33,34 the contribution of n-alkane components was described by the 

distribution function: 
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𝑓𝑚(𝑛) = 𝐶𝑚(𝑛0, 𝑛𝑓)
(MM(𝑛) − 𝛾)𝛼−1

𝛽𝛼 𝛤(𝛼)
 exp [−(

MM(𝑛) − 𝛾

𝛽
)] , (40) 

where MM is the molar mass, 𝑛 is the number of carbon atoms, 𝑛0 ≤ 𝑛 ≤ 𝑛𝑓 , subscripts ‘0’ and ‘𝑓’ 

indicate the initial and final carbon numbers, α, 𝛽 and γ are parameters used to determine the 

distribution function shape, 𝛤(𝛼) is the Gamma function, and 𝐶𝑚 is a constant: 

𝐶𝑚 = {∫
(MM − 𝛾)𝛼−1

𝛽𝛼𝛤(𝛼)
exp [− (

MM − 𝛾

𝛽
)] 𝑑MM

MM(𝑛𝑓)

MM(𝑛0)

}

−1

. (41) 

This calculation of 𝐶𝑚 is based on the condition that: 

∫ 𝑓𝑚(MM)
MM(𝑛𝑓)

MM(𝑛0)

𝑑MM = 1, (42) 

The continuous distribution function 𝑓𝑚(MM) or 𝑓𝑚(𝑛) was replaced with a discrete one, based on the 

assumption that the properties of hydrocarbons in each narrow range of 𝑛 are the same. The averaged 

carbon numbers of Quasi-Components (QC) were determined as: 

�̅�𝑗 =
∫ 𝑛 𝑓𝑚(𝑛) d𝑛
𝑛𝑗
𝑛𝑗−1

∫ 𝑓𝑚(𝑛) d𝑛
𝑛𝑗
𝑛𝑗−1

, (43) 

and the corresponding molar fractions: 

𝑋𝑗 = ∫ 𝑓𝑚(𝑛) d𝑛
𝑛𝑗

𝑛𝑗−1

, (44) 

where 𝑗 is an integer in the range (1 ≤ 𝑗 ≤ 𝑁𝑓). Note that: 

∑ 𝑋𝑗

𝑗=𝑁𝑓

𝑗=1

= 1. (45) 

The choice of 𝑛𝑗 could be arbitrary. It was assumed that all 𝑛𝑗 − 𝑛𝑗−1 were equal, i.e. all Quasi-

Components (QC) had the same range of values of 𝑛. For the case when 𝑁𝑓 = 1 this approach reduced 

the analysis to that of mono-component fuels. These new QC (described by  �̅�𝑗 in Expression (43)) were 

not the actual physical hydrocarbon components because �̅�𝑗 were not integers in the general case. 

Therefore, this mathematical approach to representing multiple components in fuels was described as 

a ‘quasi-discrete’ model. In the DC model, the QC were treated just like the actual components, 

including the consideration of their diffusion inside and at the surface of droplets.  

4.2. Multi-grouped hydrocarbons 

Two main restrictions limit the application of the QD model to multi-group (e.g., Diesel) fuels. Firstly, 

the contribution of all hydrocarbon groups (not only n-alkanes) was not considered in the QD model; 

the contribution of these groups cannot be ignored in any realistic multi-group fuel. Secondly, even if 

the analysis were restricted only to one group (e.g., alkanes), it did not appear to be easy to 

approximate the distribution of species with a reasonably simple distribution function 𝑓𝑚(𝑛) in 

Expression (40). In the Multi-Dimensional Quasi-Discrete Model (MDQDM), both these issues were 

addressed. In the version of MDQDM considered in ref. 35, n-alkanes and iso-alkanes in Diesel fuel (the 

composition of this fuel was taken from ref. 62) were treated as a single group of alkanes due to the 

small differences between their thermodynamic and transport properties.  

In the MDQDM, the focus was shifted from the distribution function to consider the contributions of 

individual species. The corresponding molar fractions were described by the matrix 𝑋𝑛𝑚, where 𝑚 is 

the index number of a particular group (e.g., alkanes) and 𝑛 refers to the number of carbon atoms 

within group 𝑚. The names of 𝑚 groups are presented in Table 13.  
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Table 13. Diesel fuel groups of components.35 

 

For each 𝑚 the values of �̅�𝑗𝑚 of each QC were found as:35 

�̅�1𝑚 =
∑ (𝑛𝑋𝑛𝑚)
𝑛=𝑛(𝜑𝑚+1)𝑚

𝑛=𝑛1𝑚

∑ (𝑋𝑛𝑚)
𝑛=𝑛(𝜑𝑚+1)𝑚

𝑛=𝑛1𝑚

�̅�2𝑚 =
∑ (𝑛𝑋𝑛𝑚)
𝑛=𝑛(2𝜑𝑚+2)𝑚

𝑛=𝑛(𝜑𝑚+2)𝑚

∑ (𝑋𝑛𝑚)
𝑛=𝑛(2𝜑𝑚+2)𝑚

𝑛=𝑛(𝜑𝑚+2)𝑚

�̅�3𝑚 =
∑ (𝑛𝑋𝑛𝑚)
𝑛=𝑛(3𝜑𝑚+3)𝑚

𝑛=𝑛(2𝜑𝑚+3)𝑚

∑ (𝑋𝑛𝑚)
𝑛=𝑛(3𝜑𝑚+3)𝑚

𝑛=𝑛(2𝜑𝑚+3)𝑚

⋮

�̅�ℓ𝑚 =
∑ (𝑛𝑋𝑛𝑚)
𝑛=𝑛𝑘𝑚
𝑛=𝑛((ℓ−1)𝜑𝑚+ℓ)𝑚

∑ (𝑋𝑛𝑚)
𝑛=𝑛𝑘𝑚
𝑛=𝑛((ℓ−1)𝜑𝑚+ℓ)𝑚 }

 
 
 
 
 
 

 
 
 
 
 
 

, (46) 

where 𝑛1𝑚 = 𝑛𝑚(min) is the minimum 𝑛 for which 𝑋𝑛𝑚 ≠ 0, 𝑛𝑘𝑚 = 𝑛𝑚(max) is the maximum 𝑛 for 

which 𝑋𝑛𝑚 ≠ 0. Parameter 𝜑𝑚 was assumed to be integer; 𝜑𝑚 + 1 was equal to the number of 

components used within each Quasi-Component group, except possibly the last group. 𝜑𝑚 was 

assumed to be the same for all QC within group 𝑚. In the general case, ℓ = integer((𝑘𝑚 +𝜑𝑚)/(𝜑𝑚 +

1)). If 𝜑𝑚 = 0 then ℓ = 𝑘𝑚 and the number of QC would be equal to the number of actual components. 

𝜑𝑚 and 𝑘𝑚 were dependent on 𝑚. At ℓ = 𝑘𝑚, the new approach reduced to the conventional DC model. 

The averaged carbon numbers (�̅�𝑖𝑚) were not integers in the general case; as in the case of the QD 

model. If mass fractions of C/QC with large carbon numbers were small, however, these C/QC were 

merged to form a single QC. With the extended dimensions (groups) (identified as 𝑚 in System (46)), 

the new model was described as the ‘Multi-Dimensional Quasi-Discrete Model’ (MDQDM). As in Table 

13, the smallest number of �̅�𝑖𝑚 would be the total number of groups (9 groups in the case of Diesel 

fuel). The molar fractions of C/QC in each group were estimated as: 

𝑋1𝑚 =∑ 𝑋𝑛𝑚
𝑛=𝑛(𝜑𝑚+1)𝑚

𝑛=𝑛1𝑚

𝑋2𝑚 =∑ 𝑋𝑛𝑚
𝑛=𝑛(2𝜑𝑚+2)𝑚

𝑛=𝑛(𝜑𝑚+2)𝑚

𝑋3𝑚 =∑ 𝑋𝑛𝑚
𝑛=𝑛(3𝜑𝑚+3)𝑚

𝑛=𝑛(2𝜑𝑚+3)𝑚

⋮

𝑋ℓ𝑚 =∑ 𝑋𝑛𝑚
𝑛=𝑛𝑘𝑚

𝑛=𝑛((ℓ−1)𝜑𝑚+ℓ)𝑚 }
 
 
 
 
 

 
 
 
 
 

, (47) 

The results of the application of MDQDM to several fuels are reviewed in the following sections. 
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4.2.1. Diesel fuel 

In ref. 35, the MDQDM was applied to the analysis of Diesel fuel droplets. The full composition of Diesel 

fuel was accounted for (see Section 2.2 for the details). A droplet with initial radius 12.66 µm and 

temperature 360 K was monitored whilst moving at constant velocity 10 m/s in a still air at pressure 

and temperature 32 bar and 700 K, respectively. The plots of typical evolutions of Diesel fuel droplet 

surface temperatures 𝑇𝑠 and radii 𝑅𝑑 are shown in Figure 13.35 

The eleven cases in Figure 13 were that the full composition of Diesel fuel (all 98 components) was 

accounted for using the DC model (indicated as (98)); this composition was approximated with 23, 21, 

20, 17, 15, 12, 9, and 7 C/QC using the MDQDM; this composition was approximated with 9 C/QC 

(corresponding to the 9 groups shown in Table 13) based on the species initial mass fractions (i.e. 

ignoring their diffusion) using the SC model (indicated as (S9)); this composition was approximated 

with 7 C/QC using the SC model (indicated as (S7)); this composition was replaced with only 20 

hydrocarbons of alkane, and these alkanes were approximated with a single component of an averaged 

carbon number (C14.763H31.526; indicated as (SA)). It was found that the 15 C/QC approximation, made 

good predictions of droplet lifetime with less than 3% error compared to that considering all 98 

components, using the DC model. At the same time, the use of the MDQDM with 15 C/QC reduced the 

CPU time by five sixths compared with the CPU time required by the DC model considering all 98 

components (see Figure 14). In all cases, the errors were higher and CPU times shorter for smaller 

numbers of C/QC, and these errors were smaller and CPU times longer for higher numbers of C/QC.  
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Figure 13. Plots of 𝑇𝑠 (a) and 𝑅𝑑 (b) of Diesel fuel droplets versus time, predicted using the DC model for all 98 

components, the approximations by 23, 21, 20, 17, 15, 12, 9, and 7 Components/Quasi-Components (C/QC) using 

the MDQDM, and the approximations by 9 QC (indicated as ‘S9’), 7 QC (indicated as ‘S7’ ) and 1 alkane QC 

(indicated as ‘SA’) using the SC model, which refer to the case when diffusion between these QC is not allowed so 

that their mass fractions remain equal to the initial mass fractions. Reprinted from Fuel, Volume 154, Pages 238–

266, “A multi-dimensional quasi-discrete model for the analysis of Diesel fuel droplet heating and evaporation”, 

by Sazhin et al., copyright Elsevier (2014). 
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Figure 14. CPU time spent for the calculation of Diesel fuel droplet heating and evaporation, using the same 
parameters as in Figure 13. Reprinted from Fuel, Volume 154, Pages 238–266, “A multi-dimensional quasi-
discrete model for the analysis of Diesel fuel droplet heating and evaporation”, by Sazhin et al., copyright Elsevier 
(2014). 

4.2.2. Petrol fuel 

In ref. 36, the MDQDM was applied to the analysis of six groups of petrol fuel (described in Section 2.1). 

Three of these groups were approximated by individual components, while QC were generated for 

three remaining groups: n-alkanes (n-paraffins), iso-alkanes (i-paraffins) and aromatics. This model 

was applied to the analysis of heating and evaporation of a droplet with 12 µm initial radius and 300 K 

initial temperature, moving at 20 m/s in still air. Ambient pressure and temperature were equal to 1 

MPa and 550 K, respectively. Examples of the evolutions of the droplet surface temperatures 𝑇𝑠 and 

radii 𝑅𝑑 for petrol FACE C fuel are presented in Figure 15.  

The results shown in Figure 15 were prepared for the following cases:36 all 20 components were 

considered, using the DC model (indicated as ‘20 components’); the approximation of 20 components 

with 6 QC (C8.032H18.064, C8.936H11.872, C5.242H12.484, C11.091H24.182, C6.181H14.36, C10.111H14.222), using 

the MDQDM (indicated as ‘6 C/QC’); the approximation of 20 components with 5 QC 

(C10.111H14.222, C5.242H12.484, C11.091H24.182, C7.407H16.814, C8.936H11.872), using the MDQDM (indicated 

as ‘5 C/QC’); the approximation of 20 components with 4 QC (C10.111H14.222, C5.242H12.484, C7.402H16.803, 

C8.936H11.872), using the MDQDM (indicated as ‘4 C/QC’); and the approximation of 20 components with 

3 QC (C5.247H12.494, C7.402H16.803, C9.072H18.144), using the MDQDM (indicated as ‘3 C/QC’). The MDQDM 

and DC model were compared in terms of predicted droplet lifetimes and surface temperatures. The 

errors in droplet lifetimes and surface temperature when replacing 20 components with 6 C/QC were 

less than 1.73% and 0.7%, respectively. Tolerating such small errors allowed the authors of ref. 36 to 

achieve a 73% reduction in CPU time, compared to the case when all 20 components were considered. 
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Figure 15. Plots of 𝑇𝑠 and 𝑅𝑑 of petrol fuel droplets versus time, predicted using the DC model (indicated as 20 

components) and their approximations with 6, 5, 4 and 3 Components/Quasi-Components (C/QC) using the 

MDQDM. Reprinted from Fuel, Volume 159, Pages 373–384, “Modelling of gasoline fuel droplets heating and 

evaporation,” by Al Qubeissi et al., copyright Elsevier (2015). 

4.2.3. Biodiesel fuels 

In ref. 46, the MDQDM was applied to the analysis of biodiesel fuel droplets. An example of this analysis 

for waste cooking oil (WCO) FAME is shown in Figure 16. Using the MDQDM led to replacement of 14 

methyl esters in WCO with 5, 4 and 3 Components/Quasi-Components (see Table 14). The initial 

droplet temperature and radius were assumed equal to 350 K and 10 µm, respectively. The droplet 

was assumed to be moving at 10 m/s in still air of ambient pressure and temperature equal to 30 bar 

and 800 K, respectively.  

  

 

Figure 16. Plot of 𝑇𝑠 and 𝑅𝑑 of a WCO fuel droplet versus time using the MDQDM, showing the effect of reducing 

the numbers of Components/Quasi-Components from 14, using the DC model, to 5, 4 and 3 (numbers near the 

curves; see Table 14). Reprinted from Applied Thermal Engineering, Vol. 136, Pages 260–267, “Predictions of 
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droplet heating and evaporation: An application to biodiesel, Diesel, gasoline and blended fuels”, by Al Qubeissi, 

copyright Elsevier (2018).   

In Figure 16 one can see that replacing the full composition of WCO FAME with 5, 4 and 3 C/QC 

produced similar plots of the 𝑇𝑠 and 𝑅𝑑 evolutions for the same conditions. The maximal errors in 

predicting 𝑇𝑠 for all (5, 4, 3) C/QC, using the MDQDM, compared with those taking into account all 14 

components were less than 2%. Similarly, the corresponding errors in predicting droplet lifetime were 

less than 1.83%. At the same time, using the MDQDM reduced the computational time by up to 96% 

(see Table 14 for more details).   

Table 14. Numbers of WCO C/QC using the MDQDM, their formulae, CPU times, and errors when compared to the 

DC model prediction.46  

 

4.2.4. Biodiesel/Diesel fuel blends 

In refs. 45,46, the MDQDM was applied to the analysis of blended biodiesel/Diesel fuel droplet heating 

and evaporation. Both the DC model and MDQDM were considered – accounting for 114 components 

within 12 groups of hydrocarbons and FAME (𝑚 =  1 to 3 for FAME groups, and 𝑚 =  4 to 12 for Diesel 

fuel groups). This model was applied to blends of all 20 types of FAME biodiesel fuel with commercially 

used Diesel fuel (see Sections 2.2 and 2.3). Droplets were assumed to be moving at 10 m/s in still air; 

their initial radii and temperatures were 12.66 µm and 360 K, respectively. The ambient air (gas) 

pressure and temperature were assumed to be equal to 32 bar and 700 K, respectively.  

The predicted droplet lifetimes for twenty-two types of biodiesel fuel are shown in Table 8. The B100 

RME fuel droplet lifetime was 6% shorter than that of a Diesel fuel droplet. This drop was less than 

0.4% for the B5 RME fuel blend. Also, the lifetime of a TGE droplet was 8% shorter for B100, and 0.5% 

shorter for B5, when compared to that of Diesel fuel. The maximum difference in droplet lifetimes was 

seen in the case of B100 CME (up to 21.6%). Also, droplet lifetime was always reduced by more than 

5.29% for RME when compared to Diesel. Typical examples of the evolutions of 𝑇𝑠 and 𝑅𝑑 over time, 

predicted by the DC model and MDQDM for a B5 Diesel-biodiesel fuel blend (5% biodiesel and 95% 

Diesel) droplet, are shown in Figure 17.  
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Figure 17. Plots of 𝑇𝑠  and 𝑅𝑑  versus time for the B5 Diesel-SME blend, using the DC model and MDQDM, with several 
numbers of C/QC (numbers near the curves). Reprinted from Fuel, Vol. 187, Pages 349–355, “Modelling of blended 
Diesel and biodiesel fuel droplet heating and evaporation”, by Al Qubeissi et al., copyright Elsevier (2017). 

In Figure 17 one can see that the approximation of a 105 hydrocarbon/FAME blended fuel with 25, 21 

and 17 C/QC caused underpredictions in droplet lifetimes by up to 3.2%, 4% and 4.5%, respectively. 

The droplet surface temperatures were less affected, with up to 2% error for any approximation. This 

approximation led to a considerable improvement in the CPU efficiency of computation, as illustrated 

in Figure 18. As can be seen from Figure 18, the approximation of hydrocarbon and methyl ester 

species of SME/Diesel B50 blend by 17 C/QC saved more than 83% CPU time in comparison to the case 

when all 105 components were considered using the DC model. The droplet lifetimes of the B5 and B50 

blends using the latter approximation, however, were underpredicted by 4% and 9%, respectively, in 

comparison to the case when the DC model was used. These errors are acceptable in some engineering 

applications; toleration of these errors led to considerable improvement in computational efficiency.45 
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Figure 18. CPU time of the calculation using the MDQDM for B50 and B5 SME/Diesel fuel droplets versus numbers 
of Components/Quasi-Components, under the same conditions as in Figure 17. Reprinted with modifications 
with permission from Fuel, Vol. 187, Pages 349–355, “Modelling of blended Diesel and biodiesel fuel droplet 
heating and evaporation”, by Al Qubeissi et al., copyright Elsevier (2017). 

4.2.5. Ethanol/petrol/Diesel fuel blends 

In some studies,111,145 Diesel fuels were successfully mixed with ethanol and ethanol/petrol blends for 

direct use in ICE. In ref. 13, it was shown that mixing 15% ethanol with 85% Diesel is acceptable for 

standard Diesel engines. In ref. 14, droplets of ethanol/Diesel blend containing up to 20% ethanol were 

investigated. For higher fractions of ethanol, additives would become essential for the miscibility of 

ethanol and to attain the required cetane number, stabilise the blend, and control the phase 

separation.13,112,117,146–148 The most common blend of Diesel fuel is with flex-fuel (E85, with 15% petrol 

and 85% ethanol).111,145,147,149 The addition of petrol can improve the cold start in Diesel engines and 

reduce nitrogen oxide emissions.147,150 Previous studies of E85-Diesel blends only considered the 

ignition delay and exhaust emissions.111,145,147,149 The influence of such blends, and their detailed 

properties and the chemical structures of all components, on droplet heating and evaporation had not 

been considered anywhere in previous studies, until the one presented in ref. 47, to the best of our 

knowledge. 

In ref. 47, the MDQDM was applied to blended E85-Diesel droplets, accounting for the full blended fuel 

composition (119 components). The impacts of using the MDQDM on the predictions of E85-5 (molar 

fractions of 95% E85 and 5% Diesel) droplet surface temperatures and radii are illustrated in Figures 

19 and 20, respectively. The approximations used in the analysis are 90, 63, 45, 20 and 16 C/QC. 
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Figure 19. Plots of 𝑇𝑠  for E85-5 droplets versus time for six cases: 119 components using the DC model, and 

approximations of these components by 90, 63, 45, 20, and 16 C/QC (numbers near the curves) using the 

MDQDM. Reprinted with permission from Energy & Fuels, Vol. 33, Pages 2477–2488, “Blended E85–Diesel fuel 

droplet heating and evaporation”, by Al Qubeissi et al., copyright (2019) American Chemical Society. 

 
Figure 20. Plots of 𝑅𝑑  for E85-5 droplets versus time for six cases: 119 components using the DC model, and 

approximations of these components by 90, 63, 45, 20 and 16 C/QC (numbers near the curves) using the MDQDM. 

Reprinted with permission from Energy & Fuels, Vol. 33, Pages 2477–2488, “Blended E85–Diesel fuel droplet 

heating and evaporation”, by Al Qubeissi et al., copyright (2019) American Chemical Society. 

In Figures 19 and 20, errors in the case of 90 C/QC were up to 0.26% for droplet surface temperature 

and up to 0.38% for droplet lifetime, compared with those predicted using the DC model with all 119 

components. These errors were up to 0.99% for droplet lifetime and up to 0.39% for droplet surface 

temperature where the blend was approximated by 63 C/QC. The errors further increased for the case 

of 16 C/QC, to 7.16% for droplet lifetime and 2.90% for droplet surface temperature. For 20 C/QC, the 

errors in droplet lifetime and surface temperature were up to 3.58% and 2.90%, respectively. Using 

the MDQDM achieved a significant improvement in computational efficiency (reduced CPU time), as 

illustrated in Table 15.  
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Table 15. CPU time (in s) needed for calculations for six C/QC and the corresponding difference (in percent) in 

the computational time compared with the case when the DC model was used, Diff=
|CPU time(C/QC)-CPU time119|

CPU time119
× 100.47  

Number of C/QC CPU time Diff 

119 1816 - 
90 1360 25.1 
63 955 47.4 
45 687 62.2 
20 314 82.7 
16 247 86.4 

5. Formulation of fuel surrogates   

Fuels used in various practical engineering applications can consist of hundreds of components, mainly 

hydrocarbons.133,151 The chemical data and detailed combustion properties of these components are 

mostly unknown. Therefore, fuel surrogates are widely used to approximate the physical and chemical 

behaviours of fuels. Fuel surrogates usually include far fewer components than the full composition of 

commercial fuels such as petrol and Diesel. A wide range of fuel surrogates has been formulated in the 

past (e.g., refs. 38,139,152–160) to replicate the physical and chemical behaviours of the real fuels 

using a small number of components. The limitations of researchers’ knowledge of the chemistry of 

combustion processes, and limitations on computational resources, stimulated the approximation of 

fuels by single components. For example, Diesel and petrol fuels were represented by n-dodecane and 

iso-octane, respectively.25,26,161,162 As the reduced chemical mechanisms became more widely available 

alongside improvements in computational power, surrogates containing more than one component 

were formulated to match the physical and chemical properties of fuels (including H/C ratio, Research 

Octane Number (RON) and ignition time delay).  

In ref. 37, the DC model was used for the analysis of heating and evaporation of FACE A (A refers to 

paraffin-rich) petrol fuel (with iso-alkanes accounting for 84 mol%; i.e. research octane number 

(RON)= 84) droplets and formulation of physical surrogates. Three petrol fuel surrogates from the 

literature38,157 were analysed based on their representation of the fuel ignition time delay, research 

octane number, and H/C ratio. The three surrogates were found to be less than adequate for the 

analysis of the time evolution of droplet surface temperatures and radii. The study proposed new 

physical surrogates for FACE A petrol fuel, in which the full composition of this fuel (66 components) 

was replaced by 19 components. The errors in the predicted droplet lifetimes and surface 

temperatures of these surrogates were less than 5% and 0.25%, respectively, compared to those 

predicted using the full fuel composition. Similarly, in ref. 152, the DC model was used for the 

formulation of physical surrogates of FACE I (a low octane number fuel with RON= 70) petrol. In one 

set of the formulated surrogates, the 33 hydrocarbons in FACE I petrol fuel were replaced by 8 

components, which reproduced the predicted droplet lifetimes and surface temperatures of the full 

composition of petrol fuel. 

A new model was proposed in ref. 40 to formulate fuel surrogates. This model was applied to petrol 

and Diesel fuels, and their blends with ethanol and biodiesel fuels. The new model, called the ‘Complex 

Fuel Surrogates Model’ (CFSM), was based on modification of the MDQDM to allow the generation of, 

not Quasi-Components, but actual components, or ‘Approximate Discrete Components’ (ADC). For each 

ADC in the CFSM, the carbon number was weight averaged by mass fractions as:  

𝑛𝑖𝑚 = [
∑ (𝑛𝑖𝑚 𝑌𝑖𝑚)
𝑏𝑚
𝑎𝑚

∑ 𝑌𝑖𝑚
𝑏𝑚
𝑎𝑚

], (48) 

where, as in Section 4, 𝑚 referred to the hydrocarbon group number, 𝑖 referred to the carbon numbers 

of the 𝑖𝑡ℎ species in group 𝑚, 𝑌𝑖𝑚 was the mass fraction of the 𝑖𝑡ℎ species in group 𝑚, 𝑎𝑚 and 𝑏𝑚 were 
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the first and last components in the group, respectively; 𝑎𝑚 for the 2nd group of components 

was 𝑏𝑚previous + 1. 

Unlike the original MDQDM (in which the QC carbon numbers were non-integers in the general case, 

see Section 4), the nearest integer carbon number was determined from (48). Also, in CFSM, mass 

fractions 𝑌𝑖𝑚 were used (instead of the molar fractions in MDQDM) for the calculation of the averaged 

carbon number 𝑛𝑖𝑚 within each ADC group. Using the mass fractions, instead of molar fractions in 

Equation (48), was justified in ref. 40 to take into account the importance of heavy components for the 

prediction of droplet lifetimes. For example, alkane hydrocarbons (the heaviest group in Diesel fuel) 

accounted for 44.53% of Diesel fuel mass fractions (only 41.48% of Diesel fuel molar fractions). Thus, 

the dominance of some heavy components was ensured at the expense of the lighter ones, such as 

alkylbenzenes of initial mass fraction 13.62% (molar fraction 16.75) and naphthalenes of initial mass 

fraction 7.46% (molar fraction 9%).  

5.1. Diesel fuel surrogates 

New physical surrogates of Diesel fuel were introduced in ref. 40, using the CFSM. The physical 

characteristics of these surrogates were compared with those predicted for the full and reduced 

compositions of fuel, using the DC model and MDQDM, respectively. The evolutions of droplet surface 

temperatures and radii predicted by the MDQDM35 and CFSM40 were compared with those predicted 

for the full composition of Diesel fuel using the DC model (Figure 21). In ref. 40, the Diesel fuel droplet, 

of 𝑅𝑑0 = 12.66 μm (initial radius) and 𝑇𝑑0 = 360 K (initial temperature), was moving at 𝑈𝑑 = 10 m ∙

s−1 in air at 800 K temperature and 30 bar pressure. In Table 16, an example is shown to illustrate the 

effect of approximation of the full composition of Diesel fuel (98 hydrocarbons) with 6 QC (produced 

using MDQDM) and 6 ADC (produced using CFSM).40 

 
Figure 21. Plots of 𝑇𝑠  and 𝑅𝑑  versus time for the full compositions of Diesel fuel (98 components) using the DC 

model, 6 Approximate Discrete Components using the CFSM, and 6 QC using the MDQDM. Reprinted from Fuel, 

Vol. 283, “A new approach to formulation of complex fuel surrogates”, by Al-Esawi & Al Qubeissi, copyright 

Elsevier (2021). 

Table 16. Approximate Diesel fuel composition based on Quasi-Components (QC), produced using the MDQDM, 

and Approximate Discrete Components (ADC), produced using the CFSM, representing the groups of species in 

Diesel fuel.40 

Group Molar fractions (%) QC Mass fractions (%) ADC 
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n-alkane 41.48 C14.763H31.526 44.53 C16H34 

cycloalkane 15.41 C15.364H30.728 17.05 C17H34 

bicycloalkane 7.89 C14.743H27.486 8.29 C16H30 

alkylbenzene 16.75 C11.726H17.452 13.62 C13H20 

tetraline 9.48 C13.832H19.664 9.05 C15H22 

naphthalene 8.99 C12.392H12.784 7.46 C13H14 

Examples of comparison between the predictions of the two models (MDQDM and CFSM) for droplet 

surface temperatures and radii, at time instants 𝑡 = 1 ms  and 𝑡 = 2 ms, are shown in Figures 22 and 

23, respectively. In Figures 21-23, the predictions of the CFSM look more accurate than those obtained 

using the MDQDM for this example, especially for small numbers (≤10) of ADC and C/QC. The predicted 

evolutions of droplet temperatures and radii, using the CFSM approximation of 98 components with 

10 ADC, were subject to up to 4% errors, compared with the evolutions predicted using the DC model. 

The data illustrated in Figures 21-23 matched the trends described in Sections 3 and 4 of this review. 

Both physical and chemical features of the surrogates produced using the CFSM (Sur140) and those 

from the literature (Sur2163 and Sur3164) were compared with those for the full composition of Diesel 

fuel.47 Table 17 summarises the molar fractions of the components of Sur1 and those of the other two 

surrogates from the literature (Sur2, Sur3). 

The evolutions of Diesel fuel droplet radii and temperatures were analysed using three surrogates 

(Sur1, Sur2 and Sur3), and compared to those predicted using the DC model. The results shown in 

Figure 24 refer to a droplet with initial radius 12.66 µm and temperature 𝑇𝑑0 = 296 K, moving at 10 

m/s in a still air at 32 bar and temperature 700 K. 

 
Figure 22. Plots of 𝑇𝑠  (a) and 𝑅𝑑  (b) versus the numbers of ADC and C/QC at time instant 1 ms. Reprinted from 

Fuel, Vol. 283, “A new approach to formulation of complex fuel surrogates”, by Al-Esawi & Al Qubeissi, copyright 

Elsevier (2021). 

614

618

622

626

630

5 28 51 74 97

T
s 
(K

)

Number of ADC, C/QC

(a)

11.2

11.4

11.6

11.8

5 28 51 74 97

R
d

(μ
m

)

Number of ADC, C/QC

(b)

MDQDM

MDADM

MDQDM

CFSM



41 

 
Figure 23. Plots of 𝑇𝑠  (a) and 𝑅𝑑  (b) versus the numbers of ADC and C/QC at time instant 2 ms. Reprinted from 

Fuel, Vol. 283, “A new approach to formulation of complex fuel surrogates”, by Al-Esawi & Al Qubeissi, copyright 

Elsevier (2021). 

Table 17. Molar fractions of the components of three surrogates (Sur1, Sur2, and Sur3) of Diesel fuel.40 

Component 
Chemical 
formula 

Molar fractions (%) 

Sur140 Sur2163 Sur3164 

n-hexadecane C16H34 42.89 41.3 0.88 

iso-cetane C16H34 - 36.8 7.48 

n-butylcyclohexane C10H20 - - 29.66 

n-pentylcyclododecane C17H34 16.43 - - 

bicyclohexane C12H24 - - 25.26 

bicyclooctane C16H30 7.88 - - 

toluene C7H8 - - 10.94 

heptylbenzene C13H20 13.12 - - 

decalin C10H18 - - 25.78 

1-dimethyl-4-iso-propyltetralin C15H22 8.72 - - 

naphthalene C11H10 - 21.9 - 

1-methyl-2-ethyl-naphthalene C13H14 10.95 - - 
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Figure 24. Plots of 𝑇𝑠  and 𝑅𝑑  for Diesel fuel and the 3 surrogates (Sur1, Sur2 and Sur3). Reprinted from Fuel, Vol. 

283, “A new approach to formulation of complex fuel surrogates”, by Al-Esawi & Al Qubeissi, copyright Elsevier 

(2021). 

As follows from Figure 24, the time evolutions of the Sur1 droplet radii are the closest to the predictions 

made for the full composition of Diesel fuel. Droplet lifetime in this case was underpredicted by up to 

6.8%. The predicted droplet lifetimes of Sur2 (inferred from ref. 163) and Sur3 (inferred from ref. 164), 

however, led to errors of 26.8% and 8.4%, respectively. The droplet surface temperatures were 

underpredicted by 7.3%, 8.4%, and 9.9%, respectively, when Sur1, Sur2 and Sur3 were used.  

In ref. 40, the Cetane Number (CN) was investigated for the 3 surrogates. The original composition of 

Diesel fuel presented in ref. 35 was based on the assumption that n-alkanes and iso-alkanes were part 

of one group (alkanes) due to the similarity in their chemical properties. For the calculation of CN, 

however, these two groups were treated separately due to their different CNs.40 This was due to the 

different structures of the components – normal (straight chains) or isomers (branched chains).64 In 

addition, the viscosities of the three surrogates were also compared to the viscosity of the full 

composition of Diesel fuel. The viscosity of Sur1 was predicted using the UNIFAC–VISCO method.95 It 

was found that the CN of Sur1 mimicked that of Diesel fuel with less than 3% error. At the same time, 

the viscosity of the proposed Sur1 closely matched that of the full composition of Diesel fuel, with less 

than 0.8% error. Overall, when taking into account the key features of fuel surrogates (e.g., fuel 

viscosity, CN and droplet temperatures and lifetimes), Sur1 was found to be the best representative of 

Diesel fuel when compared to Sur2 and Sur3.  

5.2. Petrol fuel surrogates 

In ref. 40, the calculations of droplet surface temperatures and lifetimes for the full composition of 

FACE C petrol fuel were based on the assumption that Raoult’s law is valid. In ref. 90, the impact of the 

activity coefficient on saturated vapour pressure was considered, using the UNIFAC model. In this 

section, a comparison is made between the physical characteristics of droplets using the full 

composition of fuel36,103, surrogates inferred from CFSM (Sur4)40, and the two previously suggested 

surrogates (Sur538 and Sur6157). The compositions of these three surrogates are shown in Table 18.  

The predicted time evolutions of droplet radii and surface temperatures for the full composition of fuel 

and the three surrogates are presented in Figure 25. A droplet of initial radius 𝑅𝑑0 = 12 μm and initial 

temperature 𝑇𝑑0 = 296 K was assumed to be moving at a constant velocity 𝑈𝑑 = 24 m ∙ s−1 in still air 

with 𝑝𝑔 = 9 bar and 𝑇𝑔 = 545 K. 
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Table 18. Compositions of the three surrogates (Sur4, Sur5 and Sur6) of petrol fuel.40 

Component 
Molar fractions (%) 

Sur440 Sur538 Sur6157 

n-butane - 17.0 18.4 

n-pentane 29.184 - - 

n-heptane - 11.0 12.5 

n-undecane 0. 022 - - 

iso-pentane 10.737 8.0 5.0 

iso-heptane - 5.0 4.7 

iso-octane 55.231 56.0 54.6 

iso-decane 0.483 - - 

toluene - 3.0 4.8 

iso-propylbenzene 4.343 - - 

 

 

 
Figure 25. Plots of 𝑇𝑠  and 𝑅𝑑  versus time for the full composition of petrol fuel and its 3 surrogates: Sur4 (obtained 

using the CFSM)40, Sur538 and Sur6157. Reprinted from Fuel, Vol. 283, “A new approach to formulation of complex 

fuel surrogates”, by Al-Esawi and Al Qubeissi, Copyright Elsevier (2021). 

As can be seen in Figure 25, the droplet surface temperatures and radii predicted using the CFSM differ 

by less than 0.71% and 0.41%, respectively, from those predicted using the full composition of petrol 

fuel (DC model). It follows from this figure that the corresponding errors in predicting droplet lifetimes 

for surrogates Sur5 and Sur6 were 15% and 11.3%, respectively. The Sur4 densities were inferred 

from ref. 165. It was shown in ref. 40 that the densities of all three surrogates were in agreement with 

those calculated for the full petrol fuel composition. The vapour pressures of the alternative surrogates 

(Sur538 and Sur6157) did not match those of the full petrol fuel composition; the corresponding errors 

were up to 59.1% for Sur5 and 53.0% for Sur6. The physical properties of the fuel were well 

approximated in the case of Sur4, with less than 4.4% error for vapour pressure prediction. If the molar 

mass (MM) and H/C ratio of surrogates were made consistent with those of the actual fuel, it was 

expected that the diffusivity and flame speed would also be consistent with those of the actual fuel.166 

Likewise, the ignition time delay of surrogates could be matched to that of the actual fuel if their RON 

were close.38 The H/C ratio, RON, and MM of Sur4 were evaluated and compared with those for the full 

petrol fuel composition in ref. 40. In the latter study, the H/C ratio was inferred from ref. 157 and RON 

was inferred from ref. 167. The results of the relevant calculations are presented in Table 19.  
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Table 19. H/C ratios, RONs and MM (in g ∙ mole−1) of petrol fuel and its surrogates.40 

Fuel RON H/C ratio MM 

petrol 84.7 2.27 97.2 

Sur440 85.8 2.24 97.8 

Sur538 85.3 2.25 98.4 

Sur6157 85.3 2.23 98.1 

5.3. Ethanol/petrol fuel surrogates 

Several studies (e.g., refs. 46,54,103,104,108) were focused on heating and evaporation of droplets of 

biodiesel, ethanol, ethanol/petrol blends and biodiesel/Diesel blends, but without considering the 

surrogates of these fuels. The first attempt to formulate surrogates of these fuel blends was made in 

terms of their droplet heating and evaporation.40 The molar fractions of E20 (20% ethanol and 80% 

petrol) fuel blend components in two surrogates, the one obtained using the CFSM  (Surr7)40 and the 

surrogate of ref. 168 (Sur8), are shown in Table 20.  

Table 20. Molar fractions of the Sur7 and Sur8 surrogates of E20 fuel.40 

Component 
Molar fractions (%) 

Sur740 Sur8168 

n-hexane 18.13 - 

n-heptane - 11.82 

iso-pentane 6.64 - 

iso-octane 34.17 25.28 

iso-decane 2.99 - 

toluene - 25.81 

iso-propylbenzene 3.1 - 

ethanol 38.13 37.08 

 

The time evolutions of droplet radii and surface temperatures for Sur7,40 Sur8,168 and the full 

composition of the E20 blend are shown in Figure 26. As follows from this figure, using Sur7 leads to a 

good agreement with the prediction of the DC model using the full composition of E20. The errors in 

droplet surface temperatures and lifetimes were up to 4% and 2.1%, respectively, compared to those 

predicted using the full composition of E20. Also, insignificant errors were observed for Sur8 droplet 

lifetime, compared to the prediction of the model based on the full composition of E20. However, using 

Sur8 led to a significant deviation in the predicted droplet surface temperature compared to the 

prediction of the model based on the full composition of E20 (up to 14%). The applicability of 

surrogates predicted by CFSM was demonstrated for E50 and E85 fuel blends; these were Sur9 and 

Sur10, respectively (see Table 21). 
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Figure 26. Plots of 𝑇𝑠  and 𝑅𝑑  versus time predicted by the model using the full compositions of E20 (DC) and 

surrogates Sur7,40 and Sur8.168 Reprinted from Fuel, Vol. 283, “A new approach to formulation of complex fuel 

surrogates”, by Al-Esawi & Al Qubeissi, copyright Elsevier (2021). 

Table 21. Molar fractions of the components in Sur9 (surrogates of E50) and Sur10 (surrogates of E85).40 

 

In the same study,40 droplet lifetimes and surface temperatures were analysed for the Sur9 and Sur10 

surrogates and the full compositions of E50 and E85 fuels (see Figure 27). The MM, H/C ratios and RON 

of these fuels and their surrogates (Sur9 and Sur10) are shown in Table 22. It was found that the 

formulated surrogates for both E50 and E85 blends reproduced the key features of E50 and E85 fuels.  
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Figure 27. Plots of 𝑇𝑠  and 𝑅𝑑  versus time for the full compositions of E50 and E85 and their surrogates (Sur9 and 

Sur10). Reprinted from Fuel, Vol. 283, “A new approach to formulation of complex fuel surrogates”, by Al-Esawi 

and Al Qubeissi, copyright Elsevier (2021). 

Table 22. RONs, H/C ratios and MM (in g ∙ mole−1) of E50 and E85 fuel blends and their surrogates.40 

 

5.4. Biodiesel/Diesel fuel surrogates 

Biodiesel/Diesel blends are commonly based on WCO biodiesel fuel.169 As per the UK Department for 

Transport statistics (2019)170, about 80% of UK biodiesel (115 million litres) was produced from used 

cooking oil. The impact of adding biodiesel on droplet lifetime and surface temperature was 

investigated by the authors of ref. 45. As follows from refs. 64,65, the addition of 10%, biodiesel to 

Diesel fuel does not necessitate the modification of Diesel engines. In ref. 40, the same ambient 

conditions and input parameters as in Section 3 of this review were used to analyse the surrogates of 

B10 (10% vol. biodiesel and 90% vol. Diesel fuel blend, Sur11), B20 (Sur12) and B50 (Sur13). The WCO 

fuel used in ref. 40 consisted of two unsaturated components of 31.5 mol.% with two double bonds, 

four unsaturated components of 44.4 mol.% with one double bond, and eight saturated components of 

24.1 mol.%. The model predictions for Sur11, Sur12 and Sur13 were compared with those obtained 

using the full composition of the corresponding fuels in terms of droplet radii and temperatures. The 

results are shown in Figure 28. The molar fractions of the components in these surrogates are shown 

in Table 23. In refs. 64,65, the composition of WCO biodiesel fuel was inferred from ref. 63.  

The droplet lifetimes and temperatures of the surrogates were underpredicted by less than 7.1% and 

8.7%, respectively, compared with those for droplets of the full composition of B10. The CN of Sur9 (to 

replace B10) was 53.9, which showed consistency with that of the actual fuel (55.1). Therefore, using 

the results for droplet lifetimes, surface temperatures and CN, we can conclude that the characteristics 

of droplets of Surr11 for the B10 blend closely match the characteristics of droplets of the full 

composition of the blend. 
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Figure 28. Plots of 𝑇𝑠  and 𝑅𝑑  versus time for the full compositions of B10, B20 and B50, predicted by the DC model, 

and Sur11, Sur12 and Sur13, using the CFSM. Reprinted from Fuel, Vol. 283, “A new approach to formulation of 

complex fuel surrogates”, by Al-Esawi and Al Qubeissi., copyright Elsevier (2021). 

Table 23. Molar fractions of the B10 (Sur11), B20 (Sur12) and B50 (Sur13) fuel surrogates.40 

  

6. Auto-selection of quasi-components 

The auto-selection (or auto-generation) of Components/Quasi-Components (C/QC) is essential for the 

implementation of the MDQDM (see Section 4 of this review) into CFD codes. In ref. 41, a new algorithm, 

described as the ‘Transient Multi-Dimensional Quasi-Discrete’ (TMDQD) approach, was suggested. In 

contrast to the original MDQDM, the new algorithm did not require direct user interference in the 

formulation of C/QC. Instead, changes in the number of C/QC were allowed during the droplet heating 

and evaporation process. The initial number of components was assumed equal to the total number of 

components. At the next timesteps of the droplet heating and evaporation process, the C/QC were 

generated within each group of components, as in the original MDQDM. Unlike the original MDQDM, 

however, the number of C/QC within each group was not initially defined by the programmer but was 

calculated by the code at each timestep. This algorithm automatically allowed the reduction in C/QC 

numbers from their initial values to smaller numbers. This reduction was controlled by the mass 

fraction of group 𝑖 (𝐺𝑖) at a given timestep. The latter increased or decreased compared with its value 

at the previous timestep (𝐺𝑖old).  
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In the TMDQD algorithm, it was taken into account that the mass fractions of species (𝐺𝑖) were better 

descriptors of their contributions than were molar fractions, which justified their use in the new 

algorithm.41 If the change in 𝐺𝑖 (∆𝐺𝑖) was greater than a small number 𝐾 (in ref. 41, 𝐾 was assumed 

equal to 0.1), the number of C/QC within each group (𝑁𝑖) would be reduced from this number at the 

previous timestep (𝑁𝑖old) by the reduction factor 𝐹 (in ref. 41, 𝐹 was assumed equal to 0.75).  

The QC were formed of the components with the smallest molar fractions (usually the largest carbon 

numbers) in any group 𝑖. In the following timesteps, the relevant sets of C/QC were selected to form 

new C/QC, the number of which was 𝑁𝑖new = integer(𝑁𝑖 2⁄ ). If the reduction in 𝐺𝑖  was small (i.e. ∆𝐺𝑖 ≤

𝐾), the number of C/QC at the previous timestep would remain unchanged (i.e. 𝑁𝑖 = 𝑁𝑖old and 𝐹 = 1). 

Using this algorithm, users were able to control the final 𝑁𝑖 , with a built-in option at the final stage of 

the algorithm where feasibility for further reduction is limited. For example, if the end-user sets the 

final minimum number of C/QC as 𝑁𝑖final = 10 but the remaining number of C/QC at the previous 

timestep (before reaching the final change ∆𝐺𝑖) is 𝑁𝑖old = 15, the auto-reduction is calculated as 𝑁𝑖 =

integer(0.75 × 15) = 11 C/QC, and the further reduction of 11 C/QC would result in less than 10 C/QC 

(i.e. 𝑁𝑖final = integer(0.75 × 11) = 8), which is not acceptable. Hence, 11 C/QC would only auto-

reduce to 10 C/QC.  

6.1. Application of the algorithm 

In ref. 41, the analysis of droplet heating and evaporation of Diesel fuel and its E85 blend was 

performed using the TMDQDM. Based on ref. 47, a droplet of initial radius 𝑅𝑑0 = 12.66 𝜇m, and initial 

temperature 𝑇𝑑0 = 298 K was assumed to be moving at a constant speed of 𝑈𝑑 = 10 m ∙ s−1. The 

ambient air temperature and pressure were assumed to be constant and equal to 𝑇𝑔 = 800 K and 𝑝𝑔 =

30 bar, respectively. The time evolutions of the droplet radii and surface temperatures predicted by 

the TMQDM, DC model and MDQDM are shown in Figures 29 and 30, respectively.  

 
Figure 29. Plots of 𝑅𝑑  versus time for Diesel fuel (98 hydrocarbons) droplets, using the DC model, the MDQDM 

and the TMDQD algorithm. Reprinted from Fuel, Vol. 294, “Auto-selection of quasi-components/components in 

the multi-dimensional quasi-discrete model”, by Al Qubeissi et al., copyright Elsevier (2021). 
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Figure 30. The same as Figure 29, but for 𝑇𝑠 . Reprinted with modification from Fuel, Vol. 294, “Auto-selection of 

quasi-components/components in the multi-dimensional quasi-discrete model”, by Al Qubeissi et al., copyright 

Elsevier (2021). 

In Figures 29 and 30, the following cases were considered: the contributions of all 98 components were 

taken into account, using the DC model (shown as DC (98)); the 98 components were reduced to 15 

C/QC, using the original MDQDM (shown as MDQDM (15)); the 98 components were reduced to 10 

C/QC, using the original MDQDM (shown as MDQDM (10)); the 98 components were auto-reduced to 

15 (or 10) C/QC using the TMDQD algorithm (shown as TMDQD (98-15) and TMDQD (98-10)). TMDQD 

98-15 showed the nearest droplet radius evolution to that predicted using the DC model. This was 

followed by those predicted using TMDQD 98-10. The application of TMDQD (98-15 (98-10)) produced 

74 C/QC at time instant 0.300 ms, 56 C/QC at 0.450 ms, 42 C/QC at 0.599 ms, 32 C/QC at 0.782 ms, 24 

C/QC at 1.162 ms, 18 C/QC at 1.687 ms, 15 C/QC at 1.887 ms and 10 C/QC at 2.009 ms. Similar trends 

were seen in the evolutions of droplet surface temperatures (see Figure 30).  

One can see from Figures 29 and 30 that the predictions based on the TMDQD algorithm were close to 

those predicted using the DC model based on the full composition. The evolutions of droplet radii and 

surface temperature of several other E85/Diesel blends were also investigated in ref. 41, and showed 

the same trends as those presented in Figures 29 and 30 (see Table 24).  

Table 24. Droplet lifetimes (ms) (first column in each cell) relative differences in droplet lifetimes 
(second column in each cell) for Diesel (98 hydrocarbons), E85/Diesel blends (119 hydrocarbons) and E85 (21 
hydrocarbons) fuels, predicted by the TMDQD algorithm and the original MDQDM for 20, 10 and 5 C/QC: 𝛥time =
(timeDC − timemodel) × 100% timeDC⁄ , where timeDC is always greater than timemodel.41  

Model Diesel 𝛥time E85-5 𝛥time E85-20 𝛥time E85-50 𝛥time E85 𝛥time 

DC 2.310 0 2.186 0 2.026 0 1.817 0 1.220 0 

TMDQD (20) 2.280 1.3 2.173 0.4 2.018 0.4 1.812 0.3 - - 

MDQDM (20) 2.160 6.4 2.092 4.1 1.960 3.4 1.769 2.6 - - 

TMDQD (10) 2.246 2.8 2.164 0.8 2.010 0.8 1.809 0.4 1.218 0.2 

MDQDM (10) 2.130 7.8 1.990 8.8 1.850 8.6 1.698 6.6 1.990 1.2 

TMDQD (5) 2.217 4.0 2.144 1.9 1.998 1.4 1.799 1.0 1.211 0.7 

MDQDM (5) 1.985 14.1 1.888 13.6 1.839 9.2 1.681 7.5 1.195 2.1 
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In Table 24, the errors of predictions when the MDQDM and TMDQD algorithm were used decreased 

in most cases, and the droplet lifetimes became shorter when the ratios of E85/Diesel increased. 

Noticeable improvement was indicated in the general trends for the predictions of droplet lifetimes 

using the TMDQD algorithm, compared to the original MDQDM (with 5, 10 and 20 C/QC). For instance, 

in the case of E85 fuel, reducing 21 components to 5 C/QC near the end of droplet evaporation, using 

the TMDQD algorithm, under-forecast the droplet lifetime by less than 0.7%. Using the MDQDM with 5 

C/QC increased the error to 2.1%. Remembering that time preceding the combustion processes in ICEs 

is very short, the accuracy of droplet lifetime predictions becomes crucial. Hence, the application of the 

TMDQD algorithm for the analysis of these processes was recommended for such applications.41 For 

example, processes preceding the onset of combustion are in the range 2– 6 ms during the idle speed 

range of ICE;171,172 this range is shorter (0.1 − 1.5 ms) in rapid compression Diesel engines.173 The CPU 

times and relevant errors are illustrated in Figure 31.  

 
Figure 31. Computational (CPU) times (wide bars) and prediction errors (narrow bars) of six modelling 

approaches,41 compared with those predicted using the DC model for E85-5 fuel. Reproduced with modifications 

from Fuel, Vol. 294, “Auto-selection of quasi-components/components in the multi-dimensional quasi-discrete 

model”, by Al Qubeissi et al., copyright Elsevier (2021). 

As can be seen from Figure 31, a significant improvement was achieved in modelling accuracy using 

the TMDQD algorithm, compared with the results of the MDQDM, and in the corresponding 

computational efficiency of the TMDQD algorithm, compared with the application of the DC model. For 

example, using the TMDQD algorithm for 5 C/QC saved 80% of CPU time, compared with the DC model.  

7. Spray and full cycle modelling 

In ref. 50, the models described in Sections 3 were implemented as user-defined functions (UDF) (see 

refs. 71,72 for details about the UDFs used in the analysis) into CONVERGE (a commercial 

Computational Fluid Dynamics (CFD) code).174  

As with most commercial CFD codes, the model built into the original version of CONVERGE is the 

ITC/ID model described in Section 3. In the customised version of CONVERGE, this model was replaced 

with the ETC/ED model using the analytical solutions to the heat transfer and species diffusion 

equations described in Section 3.71,72  The thermodynamic and transport properties were calculated at 

the average temperatures inside droplets using Simpson's rule. These temperatures were updated at 
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each time-step, which was taken equal to 10−5 s. The droplet radius was discretised into 500 layers 

used to find qn in  Solution (8) for temperature distribution inside droplets and qin  in Solution (30) for 

species mass fraction distribution inside droplets. In both cases, the eigenvalues were found as the 

solutions to the corresponding equations using the bisection method with an accuracy of 10−12. The 

customised version of CONVERGE (using the UDF) was validated against experimental data for isolated 

droplets.175 The customised version was also used for hollow-cone spray simulations of PRF65. This 

version was validated against experimental data described in refs. 180, 181.  

A hollow cone spray of PRF65 fuel (Primary reference fuel: 65% iso-octane/35% n-heptane) was 

investigated using the conventional CONVERGE code based on the Amsden et al. combustion (including 

a particle-based liquid wall film) model177,178 and the customised version of this software. The full-cycle 

simulation of a partially premixed compression ignition (PPCI) engine was conducted. The results for 

the late injection timings were calculated using the customised version of the software which included 

the new droplet heating and evaporation models and algorithms.  

Following ref. 175, the initial droplet radius was assumed equal to 743 µm; the initial droplet 

composition had the following component mass fractions: 21.3% n-heptane and 78.7% n-decane; the 

constant droplet velocity and initial temperature were assumed equal to 3.1 m/s and 294 K, 

respectively; the ambient pressure and temperature were equal to 0.101 MPa and 348 K, respectively. 

The results predicted by CONVERGE were compared with those predicted using the same software but 

with the models described in Sections 3–6 of this review (using a user-defined-function described in 

refs. 177,178), and experimental data.175 The results of this comparison are shown in Figure 32. In refs. 

177,178, temperature and species distribution inside droplets were assumed to be homogeneous, 

although these were allowed to change with time.  

 
Figure 32. Predicted, using the conventional CONVERGE (dashed-dotted curve)174 and customised version of 

CONVERGE (solid curve),50 and measured (symbols)175 squared radii of the fuel droplet versus time. Reproduced 

with permission from Sustainability, Vol. 13, “An improved prediction of pre-combustion processes, using the 

discrete multicomponent model”, by Kabil et al., published by MDPI (2021). 

As follows from Figure 32, the predictions made by CONVERGE with the new heating and evaporation 

model incorporated into it are very close to the experimental data. Also, the predictions of the software 

with the conventional evaporation model showed lower evaporation rates yielding larger droplets. 

This clearly demonstrates an improvement in the predictions of CONVERGE when the ETC/ED effects 

were considered.  

The customised version of CONVERGE was used to analyse a PRF65 hollow cone spray. The O’Rourke 

turbulent dispersion model was used to take into account the turbulence effect on spray droplets. A 

[172] 

[174] 
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dynamic drag model was considered with no-time-counter (NTC) collision to improve the solution 

accuracy for the post collision regimes.179  

The effect of the models described in Sections 3–6 of this document on the accuracy of the description 

of the full engine cycle was investigated using CONVERGE.50 The simulation results were compared 

with the results of experiments by Naser et al.,180 using a PPCI engine with PRF65 fuel. The experiments 

were conducted on a single cylinder research engine with compression ratio (17:1), 85 mm bore, 90 

mm stroke, 138 mm connecting rod length, 100 kPa intake pressure, 298 K intake temperature, 0.51 

litre engine displacement, 10 mm bowl depth, and 2 intake and 1 exhaust valves. The intake valve 

opened at a 30° crank angle (CA) before the top dead centre (BTDC) and closed at 45° CA, after the top 

dead centre (ATDC), while the exhaust valve opened at a 50° CA, before the bottom dead centre (BBDC), 

and closed at a 25° CA, after the bottom dead centre (ABDC).  

In ref. 50, the impacts of sweeping the start of injection (SOI) between 25 to 20 BTDC were studied to 

investigate the effect of delayed injection on partially premixed combustion. It was found that accurate 

modelling of droplet heating and evaporation is crucial to controlling the SOI. Real-life engine 

dimensions and conditions were used in the geometry inferred from refs. 180,181, with a base grid of 

4 mm with fixed Adaptive Mesh Refinement (AMR) at the nozzle exit and dynamic AMR in the fluid 

flow area. Figure 33 shows the temperature contours and equivalence ratio at various crank angles 

near the piston. It was shown that at SOI 20 BTDC, the ignition started just at the piston bowl surface, 

which was attributed to the increased swirling of air inside the bowl and the thermal conductivity of 

the high temperature piston. Therefore, concentrated fuel vapour (i.e. high equivalence ratio) was seen 

in this region (point A in Figure 33). Combustion started at point A and spread near the surface of the 

piston bowl. The predictions were in good agreement with the experimental data (see Figures 33–35). 

Both, original and customised versions of CONVERGE accurately captured the start of combustion (see 

Figures 33 and 34). Also, the results of ref. 50 were in good agreement with those based on KIVA-2 

simulations for a mono-component Diesel spray,182 and with those presented in ref. 183. At the early 

injection stage, larger differences in peak pressure were predicted by the two CONVERGE versions 

compared to those for late injection, which agreed well with the finding of ref. 158. 
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Temperature of piston bowl Equivalence ratio 

  

  

  

Figure 33. Cross-sections of the engine cylinder, showing the temperatures and equivalence ratios, for the case 
of SOI 20; the customised version of CONVERGE was used. Reproduced with permission from Sustainability, Vol. 
13, “An improved prediction of pre-combustion processes, using the discrete multicomponent model”, by Kabil 
et al., published by MDPI (2021). 
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Figure 34. Experimental180 and predicted (using UDF)50 in-cylinder pressures versus crank angles (CA). 

Reproduced with permission from Sustainability, Vol. 13, “An improved prediction of pre-combustion processes, 

using the discrete multicomponent model”, by Kabil et al., published by MDPI (2021). 

 
Figure 35. In-cylinder pressures: measured results180 and those inferred from the simulation using the 

standard174 and customised (using UDF)50 versions of CONVERGE at SOI 20 (a) and 25 (b) CA BTDC. Reproduced 

with permission from Sustainability, Vol. 13, “An improved prediction of pre-combustion processes, using the 

discrete multicomponent model”, by Kabil et al., published by MDPI (2021).    

8. Research perspectives 

In the last two decades, several milestones have been achieved in the experimental and numerical 

development of fuel droplet heating, evaporation, atomisation, and combustion applications, including 

those for multi-component and blended fuels. Substantial research advancements in the modelling of 

droplet heating and evaporation, and their implementation into commercial CFD codes have been 

reported. Full engine cycle simulations have been addressed. The recent developments support the 

need to formulate physical and chemical fuel surrogates. The developed models have also addressed 

the need to take into account detailed processes inside droplets with careful consideration of 

computational efficiency and accuracy, using CFSM and the TMDQD algorithm. The key findings 

summarised in this review are presented in Table 25. Some phenomena, such as moving interfaces 184 

and kinetic effects,185,186 have been ignored in these models due to their minor contribution in most 

cases. 
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Table 25. List of key findings, with main advantages and disadvantages identified in the review. 

References Key finding Key benefit Main limitation 

19 ETC/ED models Accounting for the 

temperature gradient, 

recirculation, and species 

diffusion inside droplets 

The models have been 

tested for a limited range of 

Peclet numbers. They can 

correctly describe 

temperature and species 

mass fractions only at the 

droplet surfaces 

84,85,187,188 DC model based on the 

analytical solutions to the 

heat transfer and species 

diffusion equations  

The implementation of the 

analytical solutions to the heat 

transfer and species diffusion 

equations into the numerical 

codes makes these codes more 

CPU efficient compared with 

the case when the numerical 

solutions to these equations 

are used in these codes  

Computationally expensive 

for large numbers of 

components 

44,63,66,46,47,65,90,135 Application of the DC 

model to realistic fossil 

fuels, biofuels, and their 

blends 

Highly accurate predictions of 

droplet heating and 

evaporation. In depth 

understanding of the physics 

associated with droplet 

heating and evaporation 

Computationally 

expensive, chemical 

reactions were not 

considered 

    

37,48,49,152 Application of the DC 

model to the formulation of 

fuel surrogates 

A new approach to  the 

formulation of surrogates for 

liquid fuel heating and 

evaporation and combustion 

of fuel vapour/air mixtures 

Focused on the physical 

surrogates, chemical 

reactions were not well 

investigated 

33,34 Reduced compositions 

using the quasi-discrete 

(QD) model 

Fuel composition is replaced 

with a smaller number of 

quasi-components, which 

reduces CPU time 

Only one group of 

components can be 

considered in this approach 

35,36,45 Reduced compositions 

using the multi-

dimensional quasi-discrete 

model (MDQDM)  

Fuel composition is reduced to 

a much smaller number of 

components using a wide 

range of groups of 

components, which reduces 

CPU time  

The selection of 

components and quasi-

components (C/QC) 

requires user-input, which 

makes it difficult to 

implement this model into 

CFD codes 

41 The auto-selection of quasi-

components in the MDQDM 

using the Transient Multi-

Dimensional Quasi-

Discrete (TMDQD) 

algorithm 

The C/QC are automatically 

selected in a transient 

manner, which makes the 

code directly implementable 

into CFD codes 

Increase in CPU time, 

compared to the MDQDM  

40 Formulation of complex 

fuel surrogates using the 

Formulation of physical 

surrogates of any type of fuel 

Based on the 

approximation of quasi-
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MDQDM and TMDQD 

algorithm 

components to the nearest 

integer carbon numbers 

50,71,72 Implementation into CFD 

codes and application of 

these codes to full cycle 

simulations 

Improved CFD models taking 

into account new effects 

Simplified assumptions 

used in the modified 

versions of the codes 

including the assumption 

that droplets are spherical  

 

Some important processes are still being investigated. For example, the reviewed models were based 

on the assumption that droplets are spherical. However, the real-life geometries of these droplets can 

be far from spherical. Additionally, droplets were assumed to be isolated, ignoring the effects of 

surrounding droplets. It is anticipated that future research will focus on a number of cases not 

investigated in detail so far, including the following: 

 Non-spherically symmetric droplets can be modelled using the DC model. Mathematical modelling 

of a spheroidal droplet was presented in ref. 189. The results presented in the latter paper, 

however, can be considered as preliminary. Further investigation in this direction is anticipated. 

 The impact of radiation on the heating and evaporation of a semi-transparent droplet should be 

considered, taking into account full compositions of fuels. This effect was considered in refs. 

78,190, but for a very limited number of fuels and cases.  

 The impacts of the kinetic region in the vicinity of the droplet interface should be investigated. Thus 

far, increasing the number of components beyond two for such a complicated model has been 

challenging.191  

 The micro-explosion of droplets appears to improve their evaporation rate.192 This has not been 

considered for full fuel compositions and blends and could be a potential future research direction. 

 There is a need to apply the models described in Section 3 to a wider range of applications than 

those considered in this review. 

Some other research findings relevant to the abovementioned perspective research, which have not 

been discussed in this review, are presented in Table 26. 

 

Table 26. Future research directions. 

Research directions References Current position 

Emulsion (water/n-

decane) droplet 

combustion 

193 Has not been investigated for multi-component fuels 

Puffing/micro-explosion 192,194 Not used for the analysis of the processes in IC engines 

Semi-transparent droplets 57,78,190 Applied to the analysis of a limited number of fuels 

Non-spherical droplets 189,195,196 
Applied to the analysis of a limited number of shapes 

(spheroid) 

Kinetic effects 185,186 Computationally expensive, with small effects on the accuracy  

Sprays used in gas turbines 197 Limited research on application of the DC model to turbines 

9. Conclusions 

This review has summarised recent investigations into the heating and evaporation, and some of the 

combustion characteristics, of multi-component hydrocarbon droplets and sprays. Findings 

concerning the application of the Discrete Component (DC) model, Multi-Dimensional Quasi-Discrete 
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model (MDQDM), Approximate Discrete model (ADM), Transient MDQD algorithm (TMDQD algorithm) 

and Complex Fuel Surrogates Model (CFSM) to the analysis of droplets of petrol, Diesel, biodiesel, 

ethanol, and their common blends were reviewed. Approaches to estimating the activity coefficient 

were described. The results of investigation of the impacts of a wide range of ambient conditions, 

including ambient and radiative temperatures, pressure, and molar fractions of components in blended 

fuels on droplet heating and evaporation were described. It was shown that the assumption of a unity 

activity coefficient (AC = 1) based on the validity of Raoult’s law could lead to 5.7% errors in the 

predictions of droplet lifetimes, compared to predictions based on the transient UNIFAC approach.   

It was shown that droplet lifetimes were up to 33.9% longer for the balanced ethanol/petrol molar 

fractions, than for those of pure petrol or pure ethanol fuels. Also, it was shown that the predicted 

ethanol droplet surface temperature was 24.3% lower than that predicted for a petrol fuel droplet. 

This was attributed to the lower boiling and critical temperatures and saturated vapour pressure, and 

the higher density of ethanol than of petrol fuel. The addition of ethanol to petrol fuel made the latter 

less volatile. It was shown that increasing the ambient pressure, radiative temperature, or ambient 

temperature, led to shorter droplet lifetimes (faster evaporation), regardless of the blending fractions 

in ethanol/petrol fuels. It was also shown that E85/Diesel blended fuel droplets had shorter lifetimes 

than those of pure Diesel. Application of an E85/Diesel blend led to shortening of the droplet lifetime 

by up to 49.5% and reduced the surface temperature by up to 23.4%, compared with pure Diesel fuel 

droplets. The approximation of 119 components of  E85/Diesel fuel by 20 C/QC saved up to 83% of 

CPU time but led to 3.6% and 2.9% errors in predicting droplet lifetimes and surface temperatures, 

respectively.  

The effects of mixtures of ethanol/biodiesel/Diesel on the key parameters, including viscosity, Cetane 

Number (CN), heating value and droplet heating and evaporation characteristics, were demonstrated, 

using the DC model. It was shown that the presence of 5% ethanol and 5% biodiesel (instead of only 

10% ethanol) in the mixtures of ethanol/biodiesel/Diesel compensated for the reduced heating value, 

viscosity, CN, and droplet surface temperatures and lifetimes (observed when ethanol alone was added 

to Diesel). In the case of an E5/B15/D80 (5% ethanol, 15% biodiesel and 80% Diesel) fuel blend, the 

heating value, viscosity, CN, and droplet lifetime were reduced by only 2.2%, 2%, 0.2%, 1.2%, 

respectively, compared to the same values for the case when pure Diesel fuel (D100) was used.  

The development of the Complex Fuel Surrogate Model (CFSM) and its usefulness for the formulation 

of physical and chemical surrogates of a broad range of fuels and their blends (e.g., Sur1 for Diesel, Sur4 

for petrol, Sur7 for E20, and Sur9 for B10) were described. The time evolutions of radii and surface 

temperatures of droplets of the above-mentioned surrogates and actual fuels were described alongside 

their chemical properties (e.g., research octane numbers for petrol and ethanol/petrol fuels, cetane 

numbers for Diesel and biodiesel/Diesel fuels, and H/C ratio). Physical and chemical characteristics of 

the suggested surrogates and their comparisons with those recommended in the literature were 

described. The chemical and physical behaviours of droplets of four surrogates suggested by the 

authors were shown to be in reasonably close agreement with those predicted for droplets of the full 

compositions of fuels. Although the usefulness of surrogates predicted by the CFSM was clearly 

demonstrated, the selection of components and quasi-components (C/QC) in this model is based on 

trial and error. Hence, at present, input from experienced end-users is still required to run this mode.  

In contrast to the original MDQDM and CFSM, the recently suggested Transient Multi-Dimensional 

Quasi-Discrete  (TMDQD) algorithm was shown to be a powerful approach to auto-updating C/QC to 

consider the transient diffusions of species. This algorithm was used for the analyses of droplets of a 

wide range of fuel blends. Its predictions were compared to those of the earlier developed MDQDM in 

terms of accuracy and computational competency. The usefulness of the TMDQD algorithm was 

demonstrated by reducing the full compositions of E85-Diesel fuel (119 species) down to 10 C/QC, 

sacrificing only up to 1.82% error in predicting droplet lifetimes and temperatures. The application of 
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this algorithm was shown to have saved about 88% of the CPU time that would be needed if the full 

composition of fuel was used. 

The MDQDM was successfully implemented into the commercial CFD software CONVERGE via user 

defined functions (UDF). The results predicted by the modified version of CONVERGE were shown to 

be nearer to experimental data than those produced using the original version of CONVERGE. The two 

versions also produced similar trends. The results of simulation of a partially premixed compression 

ignition engine at late fuel injection timings were summarised. It was found that the modified version 

of CONVERGE, using the new models, leads to more accurate prediction of the combustion 

characteristics compared with the conventional version of CONVERGE.  
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Abbreviations 
AC Activity Coefficient  

ADC Approximate Discrete Components 

B# #% Biodiesel/(biodiesel+Diesel) molar fraction 

BME Butter Methyl Ester 

C/QC Components/Quasi-Components 

CAN Canola Methyl Ester 

CFD Computational Fluid Dynamics 

CFSM Complex Fuel Surrogate Model 

CME Coconut Methyl Ester 

CML Camelina Methyl Ester 

CN Cetane Number 

CNE Corn Methyl Ester 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

CPU Central Processing Unit 

CSE Cottonseed Methyl Ester 

DB Double Bond 

Diff Difference 

DLM Diffusion Limit Model 

DMCM Discrete Multi-Component Model 

E# Ethanol/(ethanol+gasoline) volume fraction 

EM# Ethanol/(ethanol+gasoline) mass fraction 

EBD Ethanol/Biodiesel/Diesel 

ED Effective Diffusivity 

E/D Ethanol/Diesel 

ETC Effective Thermal Conductivity  

FACE Fuel used in Advanced Combustion Engines 

FAME Fatty Acid Methyl Ester 

HC Hydrocarbons 

H/C  Hydrogen/Carbon 

HME1 Hempseed oil Methyl Ester, Produced in Ukraine 

HME2 Hempseed oil Methyl Ester, Produced in the EU 

HV Heating Value 
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ICE Internal Combustion Engine  

ID Infinite Diffusivity  

ITC Infinite Thermal Conductivity  

JTR Jatropha Methyl Ester 

LME Lard Methyl Ester 

LNE Linseed Methyl Ester 

MDQDM Multi-Dimensional Quasi-Discrete Model 

MM  Molar Mass  

MON Motor Octane Number 

NOx Nitrogen Oxides 

Nu Nusselt Number 

NRTL Non-Random Two Liquids 

ON Octane Number 

Pe Peclet Number 

PME Palm Methyl Ester 

PMK Palm Kernel Methyl Ester 

Pr Prandtl Number 

RMM Rapid Mixing Model 

PTE Peanut Methyl Ester 

QDM Quasi-Discrete Model 

Re Reynolds Number 

RME Rapeseed Methyl Ester 

RON Research Octane Number 

Sc Schmidt Number 

SCM Single Component Model 

SFE Safflower Methyl Ester 

Sh Sherwood Number 

SME Soybean Methyl Ester 

SNE Sunflower Methyl Ester 

Sur# Surrogate Number 

TGE Tung Methyl Ester 

TMDQDM Transient Multi-Dimensional Quasi-Discrete Model 

TME Tallow Methyl Ester 

UNIFAC Universal Quasi-Chemical Functional–group Activity Coefficient 

WCO Waste Cooking Oil 

YGR Yellow Grease Methyl Ester 

Nomenclature 

Symbols Definition Units 

𝐵𝑀  Spalding mass transfer number - 

𝐵𝑇  Spalding heat transfer number - 

𝑐 Specific heat capacity J ∙ K-1 

𝐶𝐹  Friction drag coefficient - 

𝑐𝑝𝑣 Specific heat capacity of the fuel vapour at constant pressure J ∙ K-1 

𝐷 Diffusion coefficient - 

𝐹(𝐵𝑀) Mass film thickness correction factor - 

𝐹(𝐵𝑇) Heat film thickness correction factor - 

𝐺 Group mass fraction - 

ℎ Convective heat transfer coefficient W ∙m-2 ∙ K-1 

ℎOT Parameter introduced in Equation 8 - 

ℎOY Parameter introduced in Equation 30 - 
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𝑘 Thermal conductivity W ∙m-1 ∙ K-1 

𝐿 Latent heat of evaporation J 

Le Lewis number - 

𝑚 Hydrocarbon group number - 

�̇� Evaporation rate of droplets  kg ∙ s-1 

𝑛 Carbon number - 

𝑁 Number of atoms - 

𝑝  Pressure  Pa 

𝑞  Sum of the group area parameter  - 

𝑞𝑛 Parameter introduced in Equation 8 - 

𝑄  Molecular Van der Waals surface A  

𝑄𝐿  Power spent on droplet heating W 

𝑟  Sum of the group volume parameter - 

𝑅  Droplet Radius (or molecular van der Waals volume)  m 

�̇� Rate of change in droplet radius m ∙ s-1 

𝑡 Time s 

𝑇  Temperature K 

U Velocity m ∙ s-1 

𝑣 Volume fraction - 

𝑣𝑛 Parameter introduced in Equation 8 - 

V Volume m3 

W Weight kg 

𝑥  Molar fraction - 

𝑦 Mass fraction - 

Greek Symbols 

𝛼 Parameter defined by Equation (27) - 

𝛽 Parameter value for octane or cetane numbers - 

𝛾 Activity coefficient - 

𝜃 Area fraction - 

𝜖 Evaporation rate of species - 

ε Error - 

𝜅 Effective thermal diffusivity m2 ∙ s-1 

𝜇 Dynamic viscosity Pa ∙ s 

𝜈 Kinematic viscosity  m2 ∙ s-1 

𝜌 Density kg∙m-3 

�̃� Relative density - 

𝑣  Number of structure groups in molecule 𝑖 - 

ψ  Group interaction parameter - 

Γ Group residual activity coefficient - 

Ф  Segment fraction - 

ϕ Equivalence ratio - 

𝜑 Parameter introduced in Equation (27) or fugacity coefficient - 

𝜏 Time instant in transient states or ignition time delay s 

𝜎 Stefan-Boltzmann constant W ∙m-2 ∙ K-4 

𝜆 Eigenvalues - 

𝜒 Recirculation coefficient - 

𝛥 Difference - 

Subscripts 

𝑎𝑣 Average 

𝑏 Boiling 
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B Biodiesel 

𝑐 Critical 

𝐶 Carbon 

d Droplet 

D Diesel 

E Evaporation or Ethanol 

eff Effective  

𝑔 Gas 

H Hydrogen 

𝑖  Index of individual components  

ign Ignition 

iso Isolated  

𝑗  Molecular group of mixed type 

𝑘,𝑚, 𝑛  Molecular group of one type used in the UNIFAC model  

𝑙 Liquid 

𝑚 Mixture 

r Reduced 

rad  Radiation 

𝑠  Surface 

𝑇  Temperature 

𝑣  Vapour 

∞ Far from the droplet surface 

Superscripts 

C  Combinatorial term 

R  Residual term 

Sat Saturation  

∗ Modified values 
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