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Abstract 

 Internal combustion engines play an essential role in industry and transportation due to their reliability, efficiency, 

and cost-effectiveness. However, emissions produced from fossil fuels impact environmental degradation, so alternative 

fuels are needed to increase combustion efficiency and reduce emissions. Vegetable oil is introduced as a renewable 

energy source, which is potentially used as a substitute for diesel fuel. However, vegetable oils are not fully compatible 

with diesel fuels, although they have some advantages regarding their properties. Therefore, this work aims to study the 

mechanism and enhancement of the single isolated droplet combustion behavior of oleic acid as the vegetable oil surrogate 

compound by adding 20 vol% of alcohol with different molecular structures. The droplet was suspended on the fiber to 

observe the combustion behavior under static conditions. The droplet dynamics and microexplosive behavior are 

investigated using spatial and temporal tracking under atmospheric pressure and normal gravity conditions. The post-

processing procedure was used to observe the evolution of flame and droplet diameter. The fuel blends exhibit severe 

volumetric expansion followed by child droplet ejection with various droplet breakup structures due to different 

nucleation modes. This mechanism is essential to enlarge the fuel reaction zone with ambient air, which shortens the 

droplet lifetime with a lower ignition point. Methanol significantly reduces the droplet lifetime, while only 2-propanol 

reduces the ignition delay and burning lifetime among alcohol additives. Methanol addition generates the highest droplet 

peak temperature due to the faster burning rate, even though it has a lower energy density. Alcohol increases the flame 

standoff ratio due to the microexplosive behavior. During the unsteady and quasi-steady combustion phases, an elongated 

flame structure is formed due to natural convection, which is also related to soot formation. Alcohol diminishes the sooting 

propensity of oleic acid combustion with lower flame luminosity. 

 

Keywords: Renewable energy, Droplet combustion, Oleic acid, Alcohol, Microexplosive behavior, Volumetric 

expansion, Nucleation modes, Soot formation, Flame standoff ratio, Flame luminosity 

 

Introduction 

 Internal combustion engines will continue to play 

a vital role in powering industry and transportation in 

the future due to their great reliability and efficiency, 

high-power output, and lower operation cost [1]. 

Compression ignition (CI) engines commonly utilize 

liquid fuels due to their benefits, including their easy 

handling and storage, high energy content, and easily  

 

regulated combustion. Nevertheless, liquid fuel 

combustion, such as diesel fuel, tends to generate soot 

aggregate during combustion, significantly contributing 

to environmental degradation and climate change. 

Finding alternative fuels that can either substitute or 

augment conventional hydrocarbon-based fuels to 

minimize emissions and generate more ecologically 
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sustainable combustion [2-4]. The purpose of exploring 

renewable fuel sources has 2 major focuses, consisting 

of greenhouse emission reduction and providing an 

alternative to fossil fuels [5]. 

 Bio-alcohols can be added to diesel fuels to 

introduce renewable fractions and to increase oxygen 

content to a certain level. Increasing oxygen 

concentration within the fuel blend improves 

combustion performance and reduces emission levels. 

Another option is to utilize vegetable oil directly used in 

internal combustion engines or transform it into 

biodiesel or hydrotreated vegetable oil as a potential 

substitute for diesel fuel [6-8]. Vegetable oils are 

advantageous for use as diesel fuel because of their 

renewable nature, contain less sulfur and aromatic, have 

a higher flash point for safer storage, have greater 

lubricity for better fuel pump performance, and have 

higher biodegradability and non-toxicity. However, 

vegetable oils are not fully compatible with automotive 

diesel fuel due to some drawbacks related to certain 

properties. Vegetable oil with a higher density and 

kinematic viscosity than diesel fuel will prohibit fuel 

atomization and produce large droplet sizes, which will 

cause a slower fuel evaporation rate and incomplete 

combustion [9,10]. Several methods have been utilized 

to reduce the viscosity of vegetable oil, such as 

preheating, conversion into biodiesel through 

transesterification, and blending with low-viscosity 

fuels [11]. The fuel additive is one of the most 

extensively used and promising strategies for modifying 

fuel properties to enhance engine performance without 

requiring engine modification [4]. High-volatility and 

low-volatility constituents as droplet fuel mixtures 

potentially promote secondary atomization that 

encourages a faster burning rate due to explosive boiling 

within the superheated liquid [12]. Many empirical and 

theoretical investigations have been carried out 

employing the isolated droplet combustion method to 

gain new insight into the physical and chemical 

mechanism of burning multi-component fuels [13]. 

 After being injected into the combustion chamber 

of a diesel engine, the fuel breaks up and disperses into 

a large population of small droplets. Spray combustion 

involves intricate multi-dimensional aerodynamic 

phenomena encompassing 2-phase flow of 

multicomponent, heat and mass transport, chemical 

reactions, and phase change. Studying spray combustion 

in engines is very complicated because fuel droplets of 

different sizes are dispersed randomly, and many 

processes occur simultaneously. Therefore, the isolated 

droplet technique is proposed as the most 

straightforward approach to comprehending the spray 

behavior involving multiple and complex processes, 

treating spray as an aggregation of a large droplet 

population. [14-16]. A significant gap still exists 

between spray and droplet combustion. Despite 

extensive research on droplet combustion, many 

findings have not been effectively utilized to clarify the 

spray combustion mechanism [17]. Understanding the 

dynamic behavior of a single droplet is critical for 

converting fundamental discoveries of the ignition and 

combustion of liquid fuels into practice areas. Although 

a single droplet case seems idealized, this assumption is 

appropriate for most combustion devices when the spray 

may be regarded as diluted. This method contributes to 

a better understanding of the more complicated spray 

combustion processes encountered in many combustion 

devices [18-21]. 

 A previous study investigated the combustion of 

biodiesel-butanol droplets, revealing that 

microexplosions occurred in 2 distinct modes. The first, 

referred to as the core mode, involved a periodic bubble 

nucleation, expansion, and rupture within the droplet. 

The second, called the surface mode, was characterized 

by the formation of numerous micron-sized child 

droplets [22]. Another study was conducted on a 

biodiesel and diesel-based fuel blended with 3 different 

alcohols to investigate the binary and multiple fuel 

components. The average burning rates for binary 

components increased due to microexplosion, and 

biodiesel-methanol fuel blends yield a higher 

microexplosion possibility [23]. The previous study 

discovered that at a 50 vol% ethanol content, the droplet 

combustion of the biodiesel-ethanol fuel blend has the 

highest microexplosion strength with the lowest 

microexplosion delay time [24]. The effectiveness of 

microexplosion in improving fuel atomization may be 

assessed by the measurement of microexplosion delay 

time [25]. The previous investigation found that a 30 % 

ethanol addition to palm oil enhanced the burning rate 

constant by up to 23.2 % [26]. 

 Most of the previous studies used biodiesel and 

vegetable oil as the base fuels to determine the role of 

alcohol in the combustion mechanism and the droplet 
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combustion behavior enhancement. These fuels are 

multi-component compounds with different boiling 

points. Hence, microexplosion still occurs even in the 

absence of alcohol additives [15,27,28]. It resulted in a 

complicated analysis to define whether the 

microexplosion occurred only due to the alcohol 

additives or the interaction between the base fuel 

constituents. On the other hand, 1 type of vegetable oil 

could have different concentrations of fatty acid 

composition, which are influenced by climatic 

conditions, growing seasons, and plant age [29]. The 

particular content of the fatty acids could have an 

opposite effect on fuel properties [30], resulting in 

favorable properties while having undesirable effects on 

other properties [31]. In some cases, minor fatty acid 

constituents exert a much stronger effect on fuel 

properties than indicated by the relative concentrations 

[32]. Therefore, Meiri et al. [33] propose using a single 

constituent to characterize biodiesel fuels or vegetable 

oils. 

 The number of carbon chains and C=C double 

bonds determined the distinctive properties of vegetable 

oils from different raw materials. Almost all fatty acid 

structures derived from plant and animal-based oils have 

18 carbon chain lengths with double bonds between 0 

and 3 [34]. As a multi-component fuel, vegetable oil has 

exclusive physicochemical characteristics determined 

by fatty acid properties as constituents. Viscosity and 

density are 2 essential properties to be considered in 

combustion, which relate to the spray quality and energy 

content of the fuel. Low density and viscosity result in 

reduced engine power output. However, excessively 

high viscosity has a negative impact on the effectiveness 

of fuel atomization [35-37]. The evaporation of multi-

component fuel droplets involves more intricate heat 

and mass transport processes than single-component 

fuel. A single constituent of FA was chosen as a 

vegetable oil surrogate to simplify the study of vegetable 

oils and their combustion behavior. In previous studies, 

oleic acid (OA) was chosen because it is sustainable and 

made from non-edible sources, agricultural by-products, 

and waste feedstocks [15,38]. Oleate is an unsaturated 

species with 18 carbon chains and 1 C=C double bond 

between carbon atom numbers 8 and 9 [39]. Oleic acid, 

as a mono-unsaturated FA, has better oxidative stability 

than polyunsaturated FAs, such as linoleic and linolenic 

acid [30]. Oleic acid is abundant in many vegetable oils, 

such as olive oil (74.52 wt%), rapeseed oil (62.24 wt%), 

canola oil (60.33 wt%), jatropha oil (42.81 wt%), and 

palm oil (40.91 wt%) [31]. 

 Vegetable oil as an alternative to diesel fuel has 

drawbacks that will deteriorate the engine performance. 

Consequently, the fuel blend is the most straightforward 

method to enhance the fuel properties suitable for the 

engine requirements. In this study, we employ oleic acid 

as the surrogate compound of vegetable oils, blending it 

with 4 types of alcohols with different carbon chain 

lengths, consisting of methanol, ethanol, 2-propanol, 

and n-butanol. Referring to a previous study, Pan and 

Chiu [23] pointed out in their experimental findings that 

higher volatility of short-chain alcohol leads to more 

severe microexplosion and higher burning rates. On the 

other hand, a comprehensive review by Lee et al. [40] 

reported that short-chain alcohol reduces the overall 

energy content of the fuel blend due to the abundant 

oxygenated compound. Therefore, this study 

investigates the effects of alcohol with different carbon 

chain lengths to determine the most efficient fuel blend 

with a significant enhancement in combustion behavior. 

This study uses the isolated droplet combustion method 

to simplify complex spray combustion and gain an 

understanding of the fuel droplet combustion behavior. 

The quantitative analysis is studied, and some 

phenomena between oleic acid and alcohol are 

discussed to introduce the mechanism and interaction of 

the fuel blend combustion. 

 

Materials and methods 

 Materials and fuel preparation 

 Oleic acid (OA, 96 % purity) as the base fuel and 

surrogate compound was used to represent the dominant 

constituents of vegetable oil. OA is then mixed with 4 

types of alcohol consisting of methanol (M, 99.99 % 

purity), ethanol (E, 99.8 % purity), 2-propanol (P, 99.98 

% purity), and n-butanol (B, 99.95 % purity). The 

alcohol concentration is 20 vol% of the total mixture. A 

magnetic stirrer was used to produce homogeneous fuel 

blends between OA and alcohol. This process is done 

for 15 min at ambient temperature with a medium 

agitation rate. The fuel blends were kept in an enclosed 

container for 2 weeks to ensure the homogeneity of fuel 

blends without phase separation. The physical and 

chemical properties of the investigated material for the 

droplet combustion test are shown in Table 1. 
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Table 1 The physical and chemical properties of the analyzed fuel [6,23,38,41,42]. 

Properties Oleic acid Methanol Ethanol 2-propanol N-butanol 

Molecular formula C18H34O2 CH4O C2H6O C3H8O C4H10O 

C:H:O (wt%) 76.6:12.1:11.3 37.49:12.58:49.93 52.14:13.13:34.73 59.96:13.42:26.62 64.82:13.60:21.58 

Molecular weight 

(g/mol) 
282.46 32.04 46.07 60.1 74.12 

Higher heating 

value (MJ/kg) 
39.62 22.88 29.67 33.6 36.11 

Boiling point (℃) 360 65 78.3 82.5 117.5 

Melting point (℃) 16 −97.6 −114 −89 −90 

Flash Point (℃) 189 12 8 11.7 35 

Density (g/cm3) 0.890 0.796 0.789 0.803 0.808 

Kinematic viscosity 

(mm2/s) 
16.89 0.59 1.08 1.76 2.63 

 

 Experimental setup and method 

 This study aims to disclose the effect of alcohol 

additions on the droplet combustion characteristics of 

oleic acid-alcohol fuel blends. The experimental 

configuration of the present study is illustrated in Figure 

1. The investigation was performed under atmospheric 

pressure and normal gravity conditions. A rectangular 

compartment prevented airflow interference with the 

droplet during the droplet combustion test [43]. The data 

collection system comprises a computer, 2 digital 

cameras, a data logger, and a thermocouple. A self-

illuminated direct imaging technique was used to track 

the temporal evolution of droplet combustion. Several 

well-known methods, such as suspension, free fall, and 

heating plate methods, were used to analyze droplet 

combustion behavior [44]. According to Wang et al. 

[45], the suspension method is simple to generate a 

droplet under a static condition, which is suitable for 

measuring droplet parameters such as diameter and 

temperature. A suspended droplet method was chosen to 

easily observe the combustion characteristics since the 

droplet was suspended on the fiber or wire in a fixed 

position. An R-type thermocouple (Ø200 µm) was used 

to suspend the droplet and simultaneously measure its 

temperature. The R-type thermocouple was linked to the 

Advantech USB-4,718 series data logger, measuring 

droplet temperature evolution throughout the 

experiment with a sampling rate of 10 Hz and a 

maximum error of ± 2.5 ℃. The droplet was generated 

using a 10 µL microsyringe and suspended on the 

thermocouple tip. The initial volume of the droplet is 

3.05 µL, equivalent to 1.8 ± 0.05 mm of the droplet 

diameter. Each fuel blend was tested for ten samples to 

ensure the repeatability of the experiment. 

 

 

Figure 1 Schematic of the experimental setup. 
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 Two cameras were used to track the temporal 

evolution of the droplet combustion. Both cameras were 

recorded at 60 fps with an image resolution of 

1,920×1,080 pixels. A Nikon D3400 was used to trace 

the flame evolution throughout the test with a spatial 

resolution of 18 pixels/mm. An Olympus E-M5 II as the 

second camera with a 50 pixels/mm spatial resolution 

was operated to acquire the droplet dynamic evolution 

throughout the test. As indicated in Figure 1, both 

cameras were positioned 10 cm away from the droplet. 

A Ni-Cr wire heater was utilized to heat the droplet, 

supplied by an electric source of 220 V alternating 

current converted to 12 V direct current using a step-

down transformer. The thermocouple tip was kept 3 mm 

above the heater to obtain a heating of 720 °C. The 

transient droplet heating was exposed until the droplet 

ignited to avoid a heating effect during the test. 

 

 

Figure 2 The droplet image processing method. 

 

 Droplet image post-processing procedure 

 The ImageJ software was operated for the post-

processing procedure to examine the temporal change of 

flame dimension and droplet diameter. Figure 2 depicts 

the schematic of the droplet image processing procedure 

derived from earlier studies [15,46,47]. The projected 

area technique was employed to determine the evolution 

of droplet diameter. The region of interest (ROI, 

300×300 pixels) was extracted from the original image 

(1,920×1,080 pixels). The droplet boundaries were then 

separated from their surroundings using the binarization 

procedure. The thermocouple wire was trimmed and 

separated from the droplet to obtain the droplet 

projection region preceding the binarization procedure. 

The droplet projection area method was used to 

determine the droplet equivalent diameter with a known 

spatial resolution (α) of 50 pixels/mm as the reference. 

The flame height was obtained by calculating the total 

pixels between the flame tip and the bottom of the non-

luminous flame zone. Then, the actual flame height 

could be acquired using the known spatial resolution α 

= 18 pixels/mm as the reference. 

 

Results and discussion 

 The ignition delay time and burning lifetime 

 The ignition delay time and burning lifetime 

presented in Figure 3 were normalized using the 

squared initial droplet diameter. The ignition delay, 

often referred to as the transient heating phase, 

represents the duration from the initial heating of the 

droplet to the onset of combustion. The use of alcohol 

as an additive is intended to reduce fuel viscosity and 

boost fuel volatility, which are 2 main problems when 

applying biodiesel fuel in spray combustion. With 

higher volatility, alcohol is faster to form a combustible 

mixture when exposed to the heat source, which 

promotes rapid ignition. The OA-M fuel blend exhibits 

the shortest ignition delay period compared to other fuel 

blends, and the trend indicates that ignition delay time 

increases for alcohols with longer carbon chains. The 

ignition delay period is almost similar between the oleic 

acid-methanol (OA-M) and oleic acid-ethanol (OA-E) 

fuel blends. Meanwhile, the oleic acid-propanol (OA-P) 

fuel blend resembles the oleic acid-butanol (OA-B) fuel 

blend. From these results, considering the ignition delay 

time, it is recommended to use ethanol as the fuel blend 
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rather than methanol. Since the ignition delay period 

was not too different, a significant difference in energy 

content between these 2 additives must be considered to 

obtain higher power generation. 

 

 

Figure 3 The ignition delay time and burning lifetime. 

 

 The burning lifetime is calculated from the initial 

combustion until the flame extinction. During the 

combustion process of liquid fuel droplets, partially 

premixed and diffusion combustion modes occur 

sequentially throughout the entire process. The 

combustion process characterized by an extended 

ignition delay time results in more liquid fuel 

evaporating and combusting in premixed conditions 

rather than in diffusion mode, subsequently leading to a 

reduced burning lifetime. This behavior was proven by 

the higher flame appearance during the early 

combustion stage of OA compared to fuel blend 

combustion due to the vapor accumulation along the 

heating phase, as shown in Figure 8. In contrast, the 

shorter ignition delay time tends to have a longer 

burning lifetime. Therefore, OA-P and OA-B fuel 

blends have a shorter burning lifetime than OA-M and 

OA-E fuel blends. Compared to OA, only OA-P has a 

lower burning lifetime, which means 2-propanol can 

reduce both the partially premixed and diffusion 

combustion modes of the base fuel. A longer ignition 

delay encourages the partially premixed flame ignition. 

The appearance of the yellowish flame indicates the 

transition into the diffusion combustion mode. The 

partially premixed flames are closer to the droplets than 

diffusion flames since the premixed flames formed from 

fuel vapor accumulation around the droplet [48,49]. 

During the partially premixed and diffusion combustion 

modes, a different portion of fuel evaporated between 

the base fuel and the fuel blend. Considering these 2 

modes, it is evident that OA-B exerts the least influence. 

In contrast, OA-M demonstrates the most substantial 

effect on decreasing the droplet lifetime or the total 

ignition delay time and burning lifetime. 

 

 Droplet diameter evolution  

 Figure 4 depicts the progression of droplet 

diameter throughout the ignition delay period to the 

flame extinction at the end of the burning lifetime. This 

graph illustrates the correlation between normalized 

squared droplet diameter (D2/D0
2) and normalized time 

(t/D0
2). Based on the droplet diameter evolution 

behavior, the lifetime of the droplet is categorized into 3 

distinct phases for the base fuel and 4 phases for the fuel 

blends, consisting of the heating (t1), the microexplosive 

combustion (t2), the unsteady combustion (t3), and the 

quasi-steady combustion (t4). During the heating phase, 

the heating-up process causes the liquid fuel to expand 

as it absorbs the heat exposed from the heater. When the 

internal droplet temperature rises and the fuel near the 

droplet surface reaches its vapor pressure, bubble 

formation creates a large void space inside the droplet, 

leading to volumetric expansion [50,51]. At this stage, 

the volumetric expansion rate of the droplet exceeds the 

surface evaporation rate of the droplet, which causes the 

value of D2/D0
2 to be increased to exceed 1 for the 

combustion of all the fuel blends. The magnitude of 

volumetric expansion is a function of differences in 

boiling points between fuel blend constituents [52]. 

Therefore, only slight expansion with a maximum 

D2/D0
2 equal to 1.369 occurs in OA due to the 

homogeneous species inside the fuel droplet. The 
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decreasing fuel density due to temperature rise causes 

the volumetric expansion in OA. Moreover, liquid fuel 

droplets with high viscosity and surface tension inhibit 

the movement of the trapped bubble across the droplet 

surface boundary. The tendency of t1 is similar between 

OA and OA-B, while OA-P is similar to OA-E. The 

highest volumetric expansion occurs in the OA-M fuel 

blend during the heating phase, reaching a maximum 

D2/D0
2 equal to 5.325. 

 

 

Figure 4 Temporal evolution of normalized squared droplet diameter. 

 

 The t1 ends when the local combustible mixture 

reaches its ignition point, and a small flame sheet 

envelops the droplet. Then, the fuel blend enters the 

microexplosive combustion phase, dominated by 

alcohol evaporation with a bluish flame during this 

stage. The microexplosive combustion (t2) period is 

extended with the longer carbon chain length of alcohol 

but with less microburst intensity, as shown in Figure 7. 

The rapid expansion with a larger pre-breakup bubble 

diameter is related to a higher volatility differential 

among fuel constituents [53]. Alcohol with less 

volatility, such as 2-propanol and n-butanol, creates a 

bubble population with low internal pressure. Therefore, 

these alcohols have a lower ability to break the high 

viscous layer of OA, inhibiting the vapor transport with 

a longer microexplosion delay time. These additives 

need a higher temperature to ignite, and some amount of 

OA has been evaporated during the microexplosive 

combustion phase. The concurrent evaporation 

processes of the fuel blend constituents generated 2 

typical flames around the droplet, consisting of a 

yellowish flame as the typical flame of OA and a bluish 

flame as the typical flame of alcohol. The higher 

volatility alcohols, such as methanol and ethanol, have 

a shorter t2 period but more significant droplet size 

fluctuations. The greater ability of methanol and ethanol 

to evaporate early when the OA is still in the liquid 

phase forced the gas phase of alcohol to transport across 

the droplet interface. This process is very fast, producing 

high-intensity microbursts and leaving only a few 

amounts of alcohol when the OA begins to evaporate. 

 Previous research found that microexplosions 

occurred during the combustion process of a ternary fuel 

blend of diesel-biodiesel-ethanol when the alcohol 

concentration ranged between 10 and 40 vol% [54]. In 

comparison, the other study mentioned that the strongest 

microexplosion was obtained when the ethanol portion 

in biodiesel fuel was 50 % of the fuel blend 

concentration. Since the microexplosion is closely 

related to the internal inhomogeneity, the strongest 

microexplosion occurs when the constituents have equal 

volumes [12]. In another study on the evaporation 

process between FAME-ethanol fuel blends, the burning 

lifetime was reduced when the ethanol content was 

raised from 20 % to 30 vol% [55]. In the present study, 

we only used a 20 vol% alcohol concentration to 

encourage the microexplosion. Too much alcohol will 

reduce the total amount of energy density, which means 

that more fuel is needed to generate the same power 

output with OA combustion. 

 After the microexplosive combustion ends, only a 

minor concentration of alcohol remains within the 

droplet fuel blends, leading to more stable combustion 

with less droplet size fluctuation during the t3. The 

fluctuation is no longer significant at this stage, as only 

OA combustion occurs with less bubble population 
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formation. The volumetric expansion and evaporation 

rates determined the length of the unsteady combustion 

period. OA combustion as the base fuel has no t2. Thus, 

the t3 occurs directly after the ignition. The droplet 

combustion transitions into the t4 as the droplet size 

diminishes towards the end of combustion, 

characterized by a linear curve of the normalized 

squared droplet diameter that adheres to the D2-law. 

During this stage, the smaller droplet size has a higher 

surface-to-volume ratio, which encourages fuel vapor 

movement toward the droplet interface easier [56]. The 

fastest mass diffusion rate and sharp droplet size 

decrement occurred during this stage because the small 

droplet size instantly evaporates when exposed to high-

temperature flames and shortens vapor transport. 

 

 

Figure 5 Ignition processes sequence of (a) OA, (b) OA-M, (c) OA-E, (d) OA-P, and (e) OA-B. 

 

 Figure 5 depicts a sequence of volumetric droplet 

expansions until it attains ignition temperature. During 

the heating phase, the boiling process of the alcohol 

inside the droplet creates many nucleation sites in the 

form of continuous small bubble growth. The number of 

active nucleation sites within the droplet determined the 

bubble population, and adding alcohol to OA accelerates 

the onset of nucleation. High bubble populations created 

from active nucleation sites encourage internal 

circulation due to the different concentrations of gas and 

liquid phases at the surface and center of the droplet. The 

high viscosity of OA required high kinetic energy 

against the internal friction force for the microexplosive 

breakup because very viscous liquid fuel resists vapor 

transport toward the droplet surface. The surface tension 

at the OA interface also inhibits the fuel vapor diffusion 

across the droplet surface. Microexplosion occurs when 

the internal pressure from the fuel vapor is sufficient to 

break the highly viscous interface of OA. In contrast, 

when the additives have a lower nucleation rate, the 

bubbles are transported to the droplet surface and diffuse 

with ambient air at a lower internal pressure without 

microexplosion. 

 The value of viscosity and surface tension is a 

function of temperature, so the heating process during 

the delay time is also a mechanism to reduce both 

property values. These processes occur simultaneously, 

and the abovementioned factors will determine the 

micro-explosion intensity and strength at the onset of the 

burning period. One of the most promising applications 

of secondary atomization technology is the 

fragmentation of fuel droplets into many small droplets 

[57]. Microexplosion is an important phenomenon that 

occurs in binary liquid fuel droplet combustion. 

Microexplosion causes the droplet diameter to diminish 

rapidly through child droplet ejection when the bubble 
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ruptures, leading to a higher burning rate than the 

combustion without the microexplosion. 

 The OA combustion starts to burn at the 

normalized time of 0.814 s/mm2, and adding alcohol 

shortens the ignition point around 0.201 - 0.575 s/mm2. 

Droplet diameter evolution of OA-M, OA-E, and OA-P 

fuel blends has a similar tendency toward large 

volumetric expansion and droplet diameter fluctuation 

during the heating phase because the evaporation 

process produces homogeneous nucleation with large 

and high bubble mobility. In contrast, the highest 

volumetric expansion with a greater fluctuation for OA-

B occurs during the microexplosive combustion phase 

after reaching the ignition point, as indicated in Figure 

4. During the heating phase of the OA-B, a high bubble 

population with smaller bubble sizes occurs due to 

heterogeneous nucleation. The nucleation mode 

differences and the number of bubble growths within the 

liquid fuel droplet depend on the distinction between the 

boiling points of alcohol and OA as a base fuel. The 

most severe droplet fragmentation from the parent 

droplet occurs when methanol is used as an additive 

since it has the lowest boiling point. The fuel vapor mass 

flux away from the droplet interface is slower than the 

heat flux to the droplet from the heater, leading to the 

bubbles accumulation within the droplet region. 

 The alcohol vapor trapped inside the droplet at 

high vapor pressure causes a significant droplet 

volumetric expansion. This mechanism is essential since 

the greater droplet volume increases the total droplet 

surface area, which is the region where the fuel vapor 

diffuses with the surrounding air. Thus, the fuel reaction 

zone with ambient air is enlarged, increasing the thermal 

absorption with a higher evaporation rate and decreasing 

the ignition time. The trapped bubble inside the droplet 

expands continuously as numerous small bubbles merge 

to create a few larger bubbles. Fuel droplet constituents 

with high volatility disparities encourage the 

coalescence of several microbubbles into larger vapor 

bubbles [58]. The bubble coalescence is a precursor to 

increased local internal pressure in the droplet. The 

different bubble formations and nucleation modes 

within the droplet then distinguish the droplet breakup 

structure. 

 The droplet rupture creates a ligament detachment 

and fin shape, with more liquid fuel involved during the 

droplet ejection in OA-M. The fin shape also appears in 

OA-E combustion but with a smaller structure due to the 

weaker microexplosion strength. The ligament and fin 

shape structure are subsequent behaviors following a 

large bubble trapped within the droplet. The previous 

study stated that large bubbles trapped within the droplet 

are caused by a large surface tension of the base fuel 

[43]. In the present study, OA with a high surface 

tension inhibits the high-volatility alcohol vapor from 

transporting across the droplet interface. OA-E and OA-

P have continuous bubble expansion and droplet 

shrinkage due to nucleation and growth, trapped 

bubbles, and child droplets detaching from the parent 

droplet interface. Unlike other alcohol additives, child 

droplet ejection in OA-B does not cause significant 

shrinkage. It only creates a thin microburst ejection 

structure, which involves less bulk of liquid fuel. The n-

butanol vaporization forms small bubble sizes with low 

internal pressure. The vapor phase is ejected from the 

parent droplet at a higher temperature and only creates a 

thin droplet breakup. 

 

 Droplet combustion temperature 

 The combustion temperature indicates the total 

energy released during combustion [59]. Figure 6 

depicts the progression of droplet temperature and its 

first derivative throughout the test. The first-derivative 

curve of the droplet temperature was derived using the 

first-order backward differencing scheme 

approximation. In the experiment, 3 peaks were 

identified for the OA combustion, whereas only 2 peaks 

were observed for the fuel blend combustion. During the 

heating of OA combustion, the initial peak of the first 

derivative curve is followed by a constant low value as 

the droplet temperature rises until it attains the boiling 

point. Then, it continues by droplet evaporation at a 

relatively constant temperature, indicating the latent 

heating regime. Meanwhile, due to its low boiling point 

temperature, the OA-M fuel blend immediately 

evaporates from the initial heating. 

 The second peak in OA and the first peak in fuel 

blends occur around the ignition point, which is 

continued by the flame appearance that raises the droplet 

temperature significantly. Oxygenated additives can 

accelerate the local combustible mixture formation, 

increasing ignition probability and decreasing ignition 

delay with a lower ignition temperature. The overall 

oxygen content within fuel additives determines the 



Trends Sci. 2025; 22(6): 9769   10 of 18 

degree of effectiveness during combustion [40]. Short-

chain alcohols, such as methanol and ethanol, are easier 

to attain local combustible mixtures and are more 

reactive due to higher oxygen concentrations, promoting 

an earlier ignition. The combustible mixture formation 

is enhanced when the liquid fuel is atomized into many 

smaller droplets through a microexplosion mechanism 

[60]. The microexplosive combustion in fuel blends is 

dominated by alcohol decomposition, resulting in a 

high-temperature increase tendency related to the 

transition from the evaporation stages to the beginning 

of the combustion stages with rapid evaporation rates. 

Although alcohol has a lower energy content than OA 

as a base fuel, the higher burning rate of alcohol than 

OA diminishes the lower energy content, resulting in a 

significant increase in droplet temperature. 

 

 

 

 
Figure 6 Temporal evolution of droplet temperature and droplet temperature first-derivative of (a) OA, (b) OA-M, (c) 

OA-E, (d) OA-P, and (e) OA-B combustion. 

 

 The droplet temperature tendency at the t3 stage 

experiences an insignificant increase with an almost 

constant first-derivative profile between 2 peaks 

associated with the base fuel evaporation. The droplet 

diameter expands and shrinks continuously during this 

stage without significant droplet size reduction. The 

transition from the t3 to the t4 phase with a small droplet 

size is the onset of the droplet peak temperature. The 

rapid combustion process occurs at this stage, resulting 

in a high temperature of combustion products. 
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Combustion ends when the liquid fuel droplet has 

completely evaporated, and the flame sustains for a 

while before extinction due to the remaining fuel vapor 

accumulation. Direct contact between the flame and the 

thermocouple tip produces the droplet peak temperature 

in combustion as the final peak of the first derivative 

curve. 

 The disadvantage of utilizing alcohol additives is 

related to the lower energy density compared to OA. The 

fuel blend has a lower overall energy content because it 

contains oxygenated compounds, suggesting that more 

fuel is needed to deliver the same power generation. 

However, OA-M has a higher droplet peak temperature 

than OA at the end of combustion, even though it has a 

lower energy density. In addition to the rise in oxygen 

content and volatility of the fuel blends, the higher 

droplet peak temperature of OA-M compared to OA is 

attributable to a greater fuel consumption rate associated 

with the lower density and viscosity of methanol as an 

oxygenated compound. Higher oxygen content in a 

liquid fuel droplet encourages more complete 

combustion and faster combustion [61]. 

 

 Flame visualization and evolution 

 Flame visualization qualitatively analyzes the 

droplet combustion behavior. During the 

microexplosive combustion (t2), each fuel blend has a 

typical microexplosion flame that distinguishes it from 

each other, as shown in Figure 7. At this stage, 

microexplosion is observed as a microburst flame 

because the child droplets from the parent droplet have 

direct contact with the primary flame before forming an 

elongated microflame structure. The OA-M blend 

produces a robust microexplosion with numerous child 

droplet ejections around the primary flame. The 

microexplosion intensity is diminished for a longer 

carbon-chain alcohol by only producing several child 

droplet ejections. A higher possibility of microexplosion 

was obtained when introducing low-boiling alcohol to 

the base fuel with much lower volatility [23]. 

 

 

Figure 7 Typical microexplosion flame of (a) OA-M, (b) OA-E, (c) OA-P, and (d) OA-B. 

 

 The microexplosive combustion in OA-B 

combustion occurs at a higher temperature because it 

has the longest microexplosion delay time. It allows 

some portion of OA as a base fuel to evaporate and eject 

along with the vapor from n-butanol. This simultaneous 

process then produces a yellowish microburst flame 

from the burning of OA and a bluish n-butanol flame. 

This behavior also appeared in OA-P combustion, which 

was observed to merge with the microburst flame of 2-

propanol (Figure 7(c)) but did not appear in OA-M and 

OA-E combustion. The previous study revealed this 

behavior and found that fewer differences in boiling 

points among the fuel blend constituents would 

encourage more base fuel fraction to evaporate and burn 

during the microexplosive combustion [62]. 

 Figure 8 depicts the evolution of flame height 

determined by calculating the total pixels between the 

flame tip and the bottom of the non-luminous flame 

zone. This graph was presented in the normalized flame 

evolution as the instantaneous ratio between the flame 

height and initial droplet diameter. Analysis of the flame 

evolution behavior is essential since it is associated with 

a few parameters, such as soot formation, combustion 

stages, and flame standoff ratio. The flame fluctuation 

during the t2 phase is associated with the microburst 

flame from the ejected child droplet. As a base fuel, OA 

exhibits a more rapid growth rate in flame size than 

blended fuel during the initial combustion phase, 

attributed to the greater accumulation of fuel vapor at 

the ignition point.
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Figure 8 Flame evolution during droplet combustion. 

 

 The high oxygen content in methanol, about 49.93 

wt%, causes OA-M to form a combustible mixture 

quickly in a narrow fuel reaction zone around the 

droplet, resulting in shorter flame dimensions during the 

t2 phase. Meanwhile, the lower oxygen concentration in 

n-butanol, about 21.58 wt%, causes the fuel vapor to 

require more oxygen from the air and diffuse at a wider 

distance from the droplet due to the influence of natural 

convection to form a local combustible mixture. Besides 

the lower oxygen concentration, the greater flame 

dimensions in OA-P and OA-B compared to OA-M and 

OA-E are attributable to the simultaneous combustion of 

the alcohol with some portion of OA due to the higher 

ignition points of 2-propanol and n-butanol. After most 

alcohol fractions burned, the non-luminous flame zone 

encircling the droplet became brighter. The flame 

luminosity was initially faint during the first flame 

appearance when alcohol was burned, but it transitioned 

to a bright flame luminosity when the base fuel was 

burned. Then, the bright flame is followed by soot 

aggregate and soot spread [63]. The gradual 

transformation of the blue flame into a yellowish flame 

denotes the beginning of soot growth. The appearance 

and intensity of the yellowish flame depend on the soot 

formation inside the flame sheet [64]. Normal gravity 

experiments of droplet combustion always generate soot 

emissions that blow away due to natural convection. 

Soot formation appears at the flame tip on unsaturated 

molecules like OA, which creates a higher flame 

dimension [23,65]. This behavior promotes the highest 

flame dimension of OA combustion compared to the 

fuel blends. 

The different flame shapes between the base fuel and 

fuel blends are related to variations in combustible 

mixture formation, heat transfer by natural convection, 

gas density, and soot formation. OA combustion 

generates a high temperature from the onset of 

combustion. As the temperature rises, the gas density 

decreases, resulting in a larger flame dimension due to 

natural convection [66]. Thus, an elongated flame 

structure appears during the unsteady combustion phase 

rather than the microexplosive combustion phase of 

alcohol combustion. Oxygen as an oxidizing agent 

improves combustion performance with a faster 

combustion rate and suppresses soot formation. 

Therefore, less soot was produced as the higher 

proportion of an oxygenated component within the fuel 

blend. Methanol has the most significant effect in 

delaying the onset of soot accumulation observed on the 

flame tip. The soot formation at the flame tip of OA-M 

combustion begins to appear at 54.7 % of the burning 

lifetime and only sustains about 26.4 % of the burning 

lifetime. Meanwhile, n-butanol, with the least oxygen 

content, starts the soot accumulation at 45.3 % of the 

burning lifetime and sustains it through 48.4 % of the 

burning lifetime. OA combustion started the soot 

accumulation early at 28.6 % of the burning lifetime and 

has the longest period of about half of the combustion 

time.
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Figure 9 Flame luminosity profile. 

 

 Analyzing the flame dimension and area, soot 

precursor species formation, and flame luminosity are 

all possible methods for determining soot formation 

without directly measuring soot fractions [40]. Figure 9 

depicts the flame luminosity profile along the horizontal 

trajectory intersecting the flame structure during the 

initial combustion stage, or the t3 phase for the base fuel 

and the t2 phase for the fuel blends. The gray value 

characterizes the soot generation propensity, which is 

closely related to flame luminosity. A higher gray value 

of OA combustion denotes that more soot particles are 

formed. A shorter alcohol-carbon chain structure 

elevates oxygen availability in the fuel blends, 

facilitating complete combustion with lower soot 

particles, indicated by a blue flame in the non-luminous 

flame zone around the droplet with lower luminosity. 

Due to its abundant oxygen content, methanol is the 

most effective alcohol for suppressing the soot 

generation propensity, reducing the peak luminosity and 

average value along the flame zone. N-butanol has the 

least impact and the same peak luminosity as OA, but it 

still has a lower average gray value than OA 

combustion. OA combustion has the highest gray value 

of the ambient region, indicating that the enormous 

radiation emitted from the combustion process reaches 

an extensive area outside the flame zone. 

 The flame standoff ratio (FSR) is described as the 

ratio between the instantaneous flame diameter (Df) and 

the instantaneous droplet diameter (D). In the droplet 

experiment under normal gravity with a large enough 

droplet size, a spherical flame is not formed due to the 

influence of the buoyancy effect and natural convection. 

Thus, as in several previous studies, the outermost 

boundary of the luminous flame zone along the 

horizontal axis is regarded as the flame diameter 

[67,68]. The FSR is commonly recognized as the 

primary indicator for evaluating the flame diffusion 

behavior in droplet combustion and surface phenomena 

related to Stefan flux [69,70]. Stefan flux is related to 

mass diffusion, which forces the flame away from the 

droplets when the evaporation rate is high. The FSR 

curve is divided into 2 regions for base fuel combustion 

and 3 regions for fuel blend combustion, as shown in 

Figure 10. The average FSR values of OA, OA-M, OA-

E, OA-P, and OA-B were 3.64, 4.06, 3.79, 3.77, and 

3.73, respectively. 
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Figure 10 Flame standoff ratio. 

 

 The addition of alcohol to OA increases the vapor 

pressure of the fuel blends with a large evaporation rate, 

particularly during the microexplosion phase, which 

ends at 18 - 31 % of the burning lifetime. 

Microexplosion causes a fluctuating flame diameter 

evolution during the onset of combustion, leading to an 

increase in the FSR value. Therefore, OA has the lowest 

average FSR, while OA-M, with the fastest evaporation 

rate, has the highest average FSR. After the 

microexplosion, the unsteady combustion phase of the 

fuel blend produces a relatively constant FSR with low 

fluctuations. The FSR of oleic acid and its mixture is 

inconsistent with the FSR based on the D2-law, which 

has a constant value. Several other investigations, 

including Wang et al. [71]; Singh et al. [72]; Setyawan 

et al. [73], also obtained similar results. FSR increases 

with combustion time due to the influence of fuel vapor 

accumulation, especially after reaching 70 - 80 % of the 

burning lifetime when it enters the quasi-steady 

combustion phase with relatively small droplet sizes. 

The reduced droplet size increases the surface area-to-

volume ratio, accelerating the fuel vapor diffusion rate. 

This phenomenon aligns with research by Liu et al. [74], 

which resulted in a higher FSR with a smaller initial 

droplet diameter. 

 

 

 

Conclusions 

 This study investigated the single isolated droplet 

combustion behavior and mechanism of oleic acid as the 

surrogate compound of vegetable oil with alcohol 

additives. The study employed the suspended droplet 

technique supported by a self-illuminated direct imaging 

procedure. The alcohol additives improve the 

combustion behavior, which depends on different 

properties among the fuel blend constituents. The 

ignition delay depends on fuel volatility, with methanol 

addition resulting in the shortest heating phase period 

because it has the highest boiling point difference with 

the base fuel. While all the fuel blends reduce the droplet 

lifetime compared to the OA combustion, only OA-P 

combustion shortens the burning lifetime period among 

the fuel blends. The volumetric expansion of OA-M 

combustion exhibited the highest maximum D2/D0
2 

value of 5.325. The microexplosive combustion phase is 

prolonged for the fuel blend with less alcohol volatility 

because the bubble population with a low internal 

pressure has a smaller ability to break the high viscous 

layer of the OA interface. Bubble coalescence served as 

a precursor to increased local internal pressure, and the 

different droplet breakup structures depend on the 

bubble formation and nucleation mode. The OA-M 

combustion has the highest droplet peak temperature, 

although it has a lower energy content. The different 

boiling points between OA and alcohols distinguish the 



Trends Sci. 2025; 22(6): 9769   15 of 18 

typical microexplosion flame. The alcohol additives 

effectively diminish the sooting propensity and delay 

the onset of soot accumulation. OA-M has the highest 

average FSR values due to the microexplosive behavior 

and faster evaporation rate. These experimental findings 

provide a reference for further studies on the 

microexplosion mechanism associated with alcohol 

additives to enhance the combustion performance of 

viscous fuels such as vegetable oil or biodiesel fuel for 

application in internal combustion engines. 
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