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A B S T R A C T   

This study examines the burning characteristics and disruptive burning phenomena of single droplets of 
aluminum nanoparticles (n-Al) stably suspended in a biofuel (HVO). The biofuel used in the present work is a 
promising alternative fuel already tested in the aviation sector to reduce greenhouse gas and pollutant emissions. 
Experiments were conducted with two particle sizes (40 nm and 70 nm) and two particle concentrations (0.5 wt. 
% and 1.0 wt.%) to study its influence when added to the biofuel. The effect of size and concentration of the 
aluminum nanoparticles was studied at 1100 ◦C in a drop tube furnace. This experimental facility allows the 
study of combustion characteristics of falling droplets, ensuring there is no influence of the supporting fiber on 
the burning rate and disruptive burning phenomena occurrence. A CMOS high - speed camera coupled with a 
high magnification lens was used to evaluate the droplet size, burning rate, and micro-explosions. Based on this 
procedure, pure biofuel droplets were compared with those of biofuel blended with nanoparticles. The results 
suggest that the combustion characteristics of pure HVO can be enhanced with the addition of aluminum 
nanoparticles. Furthermore, by decreasing the particle size, a slight increase in the burning rate of nanofuels was 
noticed. Additionally, an increase in the particle concentration leads to a pronounced increase in the burning 
rate. The particle concentration also influences the delay and intensity of micro-explosions, disruptive burning 
phenomena detected at the end of the droplet lifetime.   

1. Introduction 

Aviation contributes with approximately 2% of the global CO2 
emissions and its activity grew around 140% between 2000 and 2019. 
Additionally, an annual growth rate of 3.5% for the passenger numbers 
is expected for the next two decades [25,35]. The aeronautical sector is 
the second largest sector in transportation and operates with a single 
multicomponent fuel, namely jet - fuel, which is sourced from fossil fuel. 
There are two commercial jet - fuels, Jet A-1 in EU and Jet A in USA. Jet 
fuel is primarily constituted by a mixture of alkanes, olefins, aromatics, 
and small quantities of non–hydrocarbon molecules, including e.g. sul
fur atoms [59]. High energy content, well-defined flow characteristics, 
and thermal stability are several requirements of this fuel to be appro
priately used in aero-engines [8]. The significant growth of this sector 
allied with environmental concerns and depletion of fossil fuels has 

promoted the investigation on the use of potential alternative fuels in 
aviation gas turbines due to their renewability, potentially lower emis
sions, and energy security. 

Alternative fuels are a renewable energy source derived from sus
tainable feedstock considered as potential carbon neutral fuel which 
reduces pollutant emissions. Specifically, biofuels can be sourced from 
firewood, animal fats and oils, animal dungs, and vegetable oils. The use 
of alternative fuels reduces the risk of scarcity with the variability of 
energy sources and reduces oil dependence, being a finite natural source 
[44]. Table 1 shows the different categories and technology pathways of 
alternative fuels. As noted earlier, taking into consideration safety and 
airworthiness, five biofuel fuel production technologies were approved 
for the aviation sector (ATJ-SPK, SIP-SPK, FT-SPK, FT-SPK/A and HEFA) 
[13,42]. 

In terms of readiness, HEFA could be a solution for the immediate, 
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cost-effective implementation in the aviation sector, where the fuel 
quality is independent of the feedstock used. On the other hand, the lack 
of aromatics could lead to sealing issues in existing engines. The FT and 
ATJ produce synthetic jet - fuel content to be used, avoiding fuel seal 
concerns. 

HEFA commercial production still presents concerns regarding 
feedstock availability and production complexity [13]. Hydroprocessed 
vegetable oil (HVO) is obtained from HEFA which offers a high energy 
density when compared to other biofuels and promotes a significant 
reduction in greenhouse gas and pollutant emissions. HVO presents 
good cold flow properties, high cetane number, high thermal stability, 
and is free of aromatic and sulfur content [20,23]. Studies focusing on 
comparing jet-fuel and biofuel produced from HEFA have been devel
oped for single droplet combustion and tested in gas turbine engines 
[10,33,38]. In general, satisfactory results are obtained, showing sig
nificant improvements in pollutant emissions. However, understandings 
of fundamentals of HVO combustion characteristics are necessary, such 
as flame speed, extinction, reactive species quantification effects on 
combustion performance, to understand and compare the biofuel com
bustion efficiency for specific conditions [4,9]. 

A challenge to implement these alternative fuels in the aeronautical 
sector is the restricted fuel requirements that should comply with the 
current legislation. Moreover, a novel liquid fuel must be interchange
able with the current jet - fuel to promote reliable and proper aero
nautical activity management. Subsequently, the research focus is on the 
development of a “drop-in” fuel, the main reason being the industry 
keeping its assets in use for several years due to the high investment cost 
[8]. Thus, a significant evaluation of the use and production of alter
native aviation fuels has been made in the last 20 years. The first airline 
to perform a flight using kerosene and biofuel was Virgin Airlines in 
February 2008. The viability and safety of using biofuel were tested and 
from that point, numerous flights used blends of biofuel and jet - fuel in 
different volume percentages [6,8,42]. However, biofuels present 
important drawbacks related to low energy content, high viscosity, 
lower volatility properties and high production costs. In particular, 

biodiesel and alcohols possess reduced energy content compared with 
jet fuel, leading to an increase in fuel volume usage and a decrease in 
fleet-wide energy efficiency [24]. Moreover, a reduction in production 
costs relies on feedstock availability, which is not being produced 
commercially [24,34,44]. 

To enhance the performance of biofuels, a possible approach is the 
addition of nanoparticles. Nanoscale energetic metal particles add to 
fuel could enhance the combustion performance in terms of: increase of 
volumetric energy density, enhancement of the catalytic activity, low 
ignition delay, higher ignition probability, higher volumetric heat 
release rates, faster burning rates, among others. The so-called nanofuels 
combine the high specific surface area of nanoparticles and the high 
oxidation energy of metals to produce high energy density fuels, 
improving the fuel economy and reducing pollutant emissions [1,5]. 

The use of energetic metal particles in propellant rockets and ex
plosives has shown advantages in terms of ignition and combustion 
performance. Aluminum particles have been an additive for these sys
tems due to their relatively low cost and high combustion enthalpy [30]. 
In the last decades, studies were mostly based on micron-size particles, 
however, through research and development of nanotechnology, a novel 
class of fuels arose. Nanoparticles in a range of 1–100 nm, compared 
with micron-size particles present a higher specific surface area, higher 
reactivity, stability and the potential to store energy at the surface [19]. 
Energetic metal nanoparticles present a high energy density, mainly due 
to their higher gravimetric and volumetric heating values when 
compared to hydrocarbon fuels, as reported by [56]. Consequently, re
searchers have been focused on understanding how the addition of the 
nanoparticles can improve the thermophysical properties of the fuel. 

An early study developed by [52] addressed the addition of small 
quantities of n-Al (aluminum nanoparticles) and n − Al2O3 (aluminum 
oxide nanoparticles) to a liquid fuel. The authors reported that the 
ignition probability for diesel with nanoparticles is considerably higher 
than for pure diesel. This new class of fuels has already shown an 
enhancement of the evaporation rate compared to the pure fuel. [50] 
studied the effect of droplet size on the combustion behavior of pure 
ethanol and ethanol with aluminum nanoparticles. The authors reported 
that the burning rate rises with increasing particle concentration. It was 
also found that the absorption of radiation energy emitted is a relevant 
mechanism to enhance the burning rate of nanofuels. [28,29] evaluated 
experimentally the evaporation behavior of kerosene droplets blended 
with dilute and dense concentrations of aluminum nanoparticles, at 
elevated temperatures. It was concluded that the nanofuel droplet life
time were shorter than pure kerosene droplets at high temperatures. 

Table 1 
Summary of biofuel production technologies. Adapted from [13,42].  

Category Technology Pathway Feedstock Process 
Description   

Alcohol 
to Jet 

ATJ-SPK (Alcohol to Jet 
Synthetic Paraffinic 
Kerosene) 

Cellulosic, 
biomass, starch, 
sugar 

Hydrolysis of 
biomass → Sugar 
fermentation to 
alcohol → 
Dehydration → 
Oligomerization 
→ Hydrogenation 
→ Fractionation   

Gas to 
Jet 

FT-SPK (Fisher- 
Tropsch-Synthetic 
Paraffinic Kerosene) 

Coal, biomass, 
natural gas 

Gasification of 
biomass → 
Fischer–Tropsch 
→ 
Hydroprocessing   

FT-SPK/A (Fisher- 
Tropsch-Synthetic 
Paraffinic Kerosene 
with Aromatics) 

Coal, biomass, 
natural gas 

Gasification of 
biomass → 
Fischer–Tropsch 
→ 
Hydroprocessing 
→ Increase 
aromatic content   

Oil to Jet HEFA (Hydroprocessed 
Esters and Fatty Acids) 

Algal oil, animal 
fat, recycled oil, 
vegetable oil 

Deoxygenation of 
oils and fats → 
Hydroprocessing   

Sugar to 
Jet 

SIP-SPK (Synthetic Isso- 
Paraffinic) 

Any 
fermentable 
sugar 

Hydrolysis of 
biomass → Sugar 
fermentation to 
farnesene → 
Hydroprocessing 
→ Fractionation    

Fig. 1. Illustration of the droplet size evolution for nanofuel droplet evapora
tion adapted from [18,29]. 
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However, the authors also reported that for higher particle concentra
tion, more concretely above 2.5 wt%, burning rate decreases. Addi
tionally, [21] report that the addition of nanoparticles may imply a 
decrease in the burning rate. The contradictory findings related to the 
evaporation rate, which are reported in the literature, may be a conse
quence of different methods and experimental conditions considered in 
various evaporation studies [46]. According to [50,51], the droplet size 
is an important feature, which clearly influences the aggregation time
scale. Hence, when small droplets (of the order of 200 microns) are used, 
the nanoparticles existing inside the droplet may not have sufficient 
time to completely aggregate until the end of the droplet lifetime due to 
its small size and consequent very short lifetime. The burnt aggregates 
were evaluated, and it was noticed that their size was an order of 
magnitude smaller than that of the primary droplet. These studies 
identified three phases during the nanofuel droplet evaporation mech
anism: (1) heat - up, (2) steady - state, and (3) dry - out. Fig. 1 shows an 
illustration of the nanofuel droplet evaporation. 

The dry - out phase corresponds to the last stage of the nanofuel 
droplet lifetime, where residual nanoparticles can be detected at the end 
of the steady - state phase or disruptive burning events [14]. [18] 
observed these three phases to study the evaporation characteristics of 
fuel droplets with the addition of nanoparticles under natural and forced 
convection. The authors stated that at a relatively low temperature 
under forced or natural convection, the evaporation rate for nanofuels 
does not follow the classical D2-law. However, a different behavior was 
noticed for higher temperatures under forced convection. [17] also 
investigated the burning characteristics of a single nanofuel droplet 
suspended, using nano - and micro - sized aluminum particles added to 
ethanol and n-decane. They reported that, for the same surfactant con
centration, the micro - explosion behavior of suspensions using micron 
particles occurred later than for suspensions with nanoparticles and with 
much stronger intensity. Several authors [17,21,28] found a disruptive 
burning phenomenon, namely micro-explosions that occur when the 
primary droplet disintegrates into smaller droplets, enhancing the 
combustion process. According to [28], increasing the ambient tem
perature and particle concentration promotes the appearance of these 
phenomena earlier in the droplet lifetime. At 700 ºC and 800 ºC, the 
micro-explosions significantly enhance the evaporation rate. 

The micro-explosion phenomenon was already reported in several 
studies involving emulsions. According to [2], the origin of this phe
nomenon is the different volatility in fuels. The difference in the fuel 
boiling point leads to the nucleation of gas bubbles of the most volatile 
component. The nucleation process appears when the superheat limit of 
the emulsion surpasses the boiling point of the fuel droplet, [3,27]. The 
occurrence of micro-explosions enhance the effective fuel droplet size 
distribution, air–fuel mixing, and ultimately fuel efficiency [45]. 

More recently, [54] performed a numerical study on the evaporation 
rate of a copper–water nanofluid droplet. The authors reported that the 
Dh - law is influenced by the nanoparticles used in the study. For a pure 
liquid, the exponent h is about 2. However, this exponent will be less 
than 2 for lyophilic nanoparticles (i.e. attracting the liquid), and greater 
than 2 when lyophobic nanoparticles (i.e. repelling the liquid) are 
added. These results also confirm the decrease of the average evapora
tion rate of the nanofluid droplet at the end of droplet evaporation due 
to the aggregation of the nanoparticles on the surface, resulting in a 
shell. According to several authors, [7,37], when the liquid fuel is 
gradually consumed, the average evaporation rate decreases signifi
cantly due to the formation of a surface shell. This shell is generated due 
to the increase of nanoparticle concentration at the droplet surface and 
is characterized by a constant droplet diameter until the appearance of a 
micro-explosion. Consequently, the fuel spreading from the core to
wards the droplet surface is blocked by this shell, thus reducing the 
evaporation rate [37]. The internal pressure inside the droplet increases 
due to the liquid fuel vaporization that remains inside the droplet, 
allowing the break of the surface shell layer and leading to a micro- 

explosion. [7] evaluated the burning process of multiple liquid fuels 
with various nanoenergetic additives in the suspended droplet config
uration. [7] noticed that ethanol with 5 wt.% soluble ammonia borane 
and RP-2 with 1 wt.% presented the most promising results to be further 
investigated in a reactive liquid nanofuel spray. 

The literature reviewed in the previous paragraphs evidences a 
relatively sparse number of studies focusing on the use of nanoparticles 
in alternative fuels for aviation. In this sector, biofuels have been a 
relevant topic in order to mitigate the problems regarding greenhouse 
gas and pollutant emissions. However, these alternative fuels present a 
reduced performance when compared to jet fuel. Due to this, the present 
work studies the addition of nanoparticles in a biofuel. This experi
mental study compares the burning characteristics of pure HVO and 
HVO with aluminum nanoparticles, aiming to describe the effect of 
nanoparticle size and concentration on evaporation and combustion of 
the fuel droplets. To accomplish it, falling droplets burning at elevated 
temperature in a drop tube furnace was evaluated. This investigation 
allows the visualization of the droplet movement and combustion 
without using a supporting fiber, which could influence disruptive 
burning phenomena as a vapor bubble nucleating agent and other sig
nificant burning characteristics in this kind of study. Additionally, the 
disruptive burning phenomena of nanofuels will also be addressed. 

2. Materials and methods 

2.1. Nanofuel preparation and characterization 

The base fuel used in this work was an hydroprocessed vegetable oil 
(HVO) named NExBTL. As noted earlier, this alternative fuel, commonly 
referred to as renewable diesel obtained from HEFA, is typically made 
from vegetable oils [15,45]. Table 2 shows the properties of the HVO 
from NESTE and Jet A-1, a conventional jet-fuel. 

Four nanofuels composed of HVO and aluminum nanoparticles were 
used in this work. Pure HVO was also tested for comparison purposes. 
Aluminum is a suitable additive to hydrocarbons due to its abundance, 
amount of energy release, and relatively low production cost [22]. 
Table 3 shows the bulk properties of aluminum, produced by Nanografi, 
as those used by [16]. Two particle sizes (40 nm and 70 nm) and two 

Table 2 
HVO and Jet A-1 fuel properties adapted from [12,40,43].  

Parameter HVO Jet A-1   

Density (kg/m3) (at 20 ◦C)  780.6 798   

Surface tension (N/m) (at 20 ◦C) 0.0265 0.0247   
Kinematic viscosity (mm2/s) (at 25 ◦C)  4.33 1.40   

Sulfur (wt.%) 0.09 0.3   
Aromatics (wt.%) 0 13.8   
Flash point (◦C) 99 38   
Final boiling point (◦C) 308 237   
Cloud point (◦C) − 30 − 26   
Lower heating value (MJ/kg) 43.9 43   
Higher heating value (MJ/kg) 47.1 47   
Distillation 10 vol.% (◦C) 262 170   
Hydrogen content 15.4 14.5   
Carbon content 85.5 84.6   
H/C ratio 2.18 1.91   
Average chemical composition C15H32 − C18H38  C11H21     

Table 3 
Bulk properties of aluminum [16].  

Parameter Value 

Density (kg/m3)  2700 

Melting point (◦C) 660 
Boiling point (◦C) 2519 
Heat of combustion (MJ/kg) 31.1  
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particle concentrations (0.5 wt.% and 1.0 wt.%) were used. The 
aluminum nanoparticles with a size of 40 nm, used in the present study, 
is displayed in Fig. 2. Table 4 shows the nanofuels used in the present 
study and their physical properties. The density was measured with the 
pycnometer method, and the surface tension was measured at room 
temperature (20 ± 3 ºC) with an optical tensiometer THETA (Atten
sion). To determine the surface tension, the pendant drop method was 
used. A detailed description of the measurement procedures can be 
found in [39]. The viscosity was determined using a rheometer (TA in
struments ARI 500 ex), at ambient temperature, with an accuracy of 

±5%. 
The suspension stability is a crucial aspect in nanofuel studies. The 

nanofuels preparation demands a methodic procedure to accomplish 
homogeneous, stable, long - term suspensions and a low - level particle 
agglomeration [17]. In this study, the nanoparticles were first vigor
ously stirred for 20 min with the liquid fuel, using a magnetic stirrer. 
Subsequently, the nanofuels HVO + n-Al were sonicated in an ice bath. 
The sonicator (model UP200Ht by Hielscher) was used to disperse the 
particles and to avoid agglomeration, with an amplitude of 20% for a 
period of 30 min for each nanofuel. Afterward, the nanofuels stability 
was evaluated for several hours and days in a test tube by visual in
spection. The observations revealed that the nanofuels with a particle 
concentration of 0.5 wt.% are more stable than the nanofuels with a 
particle concentration of 1.0 wt.%. The nanofuel HVO + n-Al with a 
particle concentration of 0.5 wt.%, does not show evident sedimentation 
for a time interval of 24 h. The HVO + n-Al with a particle concentration 
of 1.0 wt.% lasted almost 6 h as a homogeneous solution with no evident 
sedimentation, as shown in Fig. 3. A particle concentration of 3.0 wt.% 
was also tested. However, the nanofuel HVO + n-Al (3.0 wt.%), for both 
particle sizes, was only stable for a short period, approximately 20 min, 
thus it was not possible to obtain accurate results. Due to this, the single 
droplet combustion was only investigated for two particle concentra
tions and two particle sizes, as already mentioned. A forthcoming study 
is to add surfactants to the nanofuels with the purpose of increasing the 
stability of these fuels. 

2.2. Experimental setup and procedures 

Fig. 4 shows a schematic of the experimental setup. It consists of an 
electrically heated drop tube furnace (DTF), an illumination set, an 
image acquisition system, and an injector device. The single droplet 
combustion occurs inside a vertical quartz tube with an inner diameter 
of 6.6 cm and a length of 82.6 cm. A more detailed description can be 
found in a previous study [41]. The DTF has two opposed rectangular 
windows with 2 cm width and 20 cm height. 

The illumination set, which comprises an LED light and a diffusion 
glass, was placed in front of one of the rectangular windows. This illu
mination system enhances the contrast and thereby, the visualization of 
the droplet evaporation/burning process. The image acquisition system 
was placed in front of the other rectangular window. This system is 
composed of a CMOS high - speed camera (CR600× 2, Optronics), 
placed perpendicularly to the quartz tube and a computer, being the 
camera manually triggered. The CMOS camera only provides images 
with a grayscale defined by the intensity of the luminosity captured. The 
camera was attached to a high magnification lens (Zoom 6000® Lens 
System). The magnification lens is composed of a 6.5× Zoom, 12 mm 
FF, a 0.25× lens attachment, and a 2.0× short adapter, with a magni
fying range of 0.35–2.25. The image acquisition was pursued with 1000 
fps with a resolution of 1280× 500 pixels and an exposure time of 
1/12000 s. 

Regarding the air supply, a flow rate of 5.7 L/min with a precision 
error of ± 2% was used. When the air enters, the quartz tube is heated 
and generates a proper environment to occur the droplet autoignition. It 
is important to highlight that the air enters the quartz tube prior to the 
droplet injection from a different inlet, as shown in Fig. 4. 

The injection equipment is a TSI device with a pinhole diameter of 
200 μm, which generates monosized droplets. The droplet generator was 
placed on top of the DTF and connected to a syringe pump and a fre
quency generator. To release the droplets, a syringe with a volume of 50 
mL is coupled to the syringe pump, feeding the fuel to the droplet 
generator. The stream of droplets with an initial diameter of 250 ± 8 μm 
was achieved for the operating conditions of 2.1 kHz and a flow rate of 
1.3 mL/min. 

During the experiments, no evident particle sedimentation was 
detected in the injection system. The droplet stream produced by the 
monosize droplet generator does not guarantee the space/time between 

Fig. 2. SEM images of aluminum nanoparticles (40 nm).  

Table 4 
Nanofuels physical properties.   

Aluminum nanoparticles 
(n-Al) 

Density 
(kg/m3)

Surface 
tension 
(N/m) 

Viscosity 
(Pa.s)   

Size 
(nm) 

Concentration 
(wt.%)     

HVO 40 0.5 771.4 0.0265 0.020   
70 0.5 771.6 0.0265 0.025   
40 1.0 773.2 0.0267 0.055   
70 1.0 778.5 0.0267 0.050   

Fig. 3. Evolution of nanofuel stability for HVO + 70 nm (1.0 wt.%).  
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droplets to ensure a single droplet phenomenon; hence, a rotating disk 
with a slot was used to increase the inter-droplet distance. The slot di
mensions are 1 cm x 1 cm, and the disk diameter is 12 cm with a rota
tional speed of 1200 rpm. According to the literature, to guarantee the 
phenomena of single droplet combustion, a minimum droplet spacing of 
30 droplet diameters is required, as reported by [11]. In this way, it is 
ensured a droplet spacing larger than 50 droplet diameters in the present 
work. Hence it is guaranteed that there is no droplets interaction. This 
experimental setup allows studying the combustion of micrometric 
nanofuel droplets at T = 1100 ºC and atmospheric pressure, without 
using supporting fiber avoiding its influence on the dynamic behavior of 
the droplet [53]. 

Fig. 5 shows the temperature profile along the quartz tube at the test 
temperature (T = 1100 ºC). The injector tip is represented by x = 0 cm. 

The temperature profile was measured with a fine wire thermocouple 
type R with a size of 76 μm. 

An image detection algorithm was used in order to detect the droplet 
and determine its properties (e.g, droplet diameter, droplet velocity, 
among others). The data were treated in the ImageJ software. The edge 
detection and the pixel values were acquired through the Huang 
threshold method. A ROI (region of interest) of the entirety of the 
droplet was defined, calibrating the thresholds of the methods for an 
accurate measurement of the droplet. The transition from light to darker 
gray near the surface of the droplet is characterized by a pronounced 
brightness gradient, representing the droplet outline. To determine the 
droplet outline, the brightness difference between the lighter back
ground, the darker droplet and the local gradient of brightness were 
considered. The brightness gradient was calculated for each pixel in 

Fig. 4. Schematic of the experimental setup [41].  

Fig. 5. Temperature profile along the quartz tube.  
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each image containing a droplet. There was a sharp transition from light 
gray to darker gray pixels near the fuel droplet surface. Subsequently, 
the droplet diameter was determined through the instantaneous droplet 
area given by image analysis related to a circle A = πr2, where r is the 
droplet radius. For the optical configuration used in this work, the pixel 
size was 12 μm. 

As already mentioned, the initial droplet diameter is D0 = 250 μm 
and to evaluate the convective effects, the Reynolds, Prandtl and Nusselt 
numbers were determined by the following equations [26]: 

Re =
ρ|Ud − U|D0

μ (1)  

Pr =
μCp

K
(2)  

Nu = 2+
0.555Re1/2Pr1/3

[1 + 1.232
RePr4/3]

1/2 (3) 

Where ρ is the density and μ is the viscosity considering an ambient 
temperature of 1100 ºC. The specific heat Cp and the thermal conduc
tivity K were determined from [58] and |Ud − U| corresponds to the 
relative droplet velocity achieved through the droplet velocity and the 
flow velocity. To measure the droplet velocity, the droplet centroid was 
determined from sequential frames and consequently divided by the 
time of two frames. Thus, for these experimental conditions, the 

Fig. 6. Sequences of instantaneous images of burning droplets at 1100 ºC of the pure HVO and the four nanofuels (D0 = 250 μm, atmospheric pressure).  
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maximum droplet Reynolds number was approximately 0.8, and for a 
Prandtl number of 0.7, the maximum Nusselt number was 2.2. These 
values are determined taking into consideration the initial droplet 
diameter. Hence, as time evolves, the droplet diameter reduces, leading 
to a decrease in the Reynolds and Nusselt numbers. Due to this, we can 
affirm that the convective effects will be diminished with the droplet 
size reduction. As mentioned previously, for the experimental condi
tions, the maximum droplet Reynolds number is 0.8. According to [26] if 
Re ⩽2, the separation effects are negligible. Thus, the experimental work 
occurs under forced convection in a laminar regime (stationary). 

A statistical study was performed to evaluate the number of droplets 
that should be used to assure that the droplet size evolution curve and 
burning rate were independent of the size of the sample. Therefore, the 
droplet size evolution and burning rate were evaluated as a function of 
the number of droplets, using 10 to 45 droplets for each nanofuel. In the 
present work, a minimum of 35 droplets is needed in order to have a 
statistical convergence, where no significant variation in the droplet size 
evolution curves and burning rate were noticed. Subsequently, the 
D2/D2

0 curves will be presented considering 40 droplets with a standard 
deviation of 0.05, as will be described later. 

3. Results and discussion 

3.1. Description of combustion behavior of single droplets 

In this section, the combustion of pure HVO and HVO + n-Al single 
droplet will be qualitatively and quantitative compared in terms of 
micro-explosion occurrence, droplet size regression, and droplet flame. 
Fig. 6 shows sequential images of a droplet of pure HVO and HVO with 
different sizes and concentrations of aluminum nanoparticles burning at 
1100 ºC. It is essential to mention that the different instants (t) corre
spond to a droplet burning in different vertical positions at the drop tube 
furnace, followed by the CMOS high-speed camera. For these experi
ments, five different camera positions were used to guarantee the 
visualization and analysis in detail of the droplet lifetime. 

Prior to the droplet injection, the air inside is heated by the electric 
coils at the DTF and creates an appropriate environment to evaluate the 

pure HVO and HVO + n- Al combustion. When the droplet enters the 
quartz tube, it heats and ignites, which consequently leads to the for
mation of a diffusion flame. The frame when the ignition is detected, 
characterized by the appearance of a diffusion flame, is defined as t = 0 
ms. The droplet diameter measurements have begun approximately 1 
cm from injector tip when ignition occurs. To occur the autoignition, the 
droplet is exposed to a high ambient temperature. Subsequently, 
vaporization arises from the droplet surface generating a proper pro
portion of fuel/air mixing leading to the droplet autoignition. The flame 
is established at the droplet wake for all fuels, and flame intensity de
creases as the droplet shrinks along its lifetime. The flame intensity of 
the pure HVO is apparently less intense than the HVO with aluminum 
nanoparticles. However, the flame intensity is difficult to compare in 
terms of visualization, indicating that further studies regarding this 
subject should be performed to verify the trend for nanofuels. Besides 
the flame intensity, the addition of nanoparticles is also noticed in the 
reduction of droplet diameter. Fig. 6 shows different instants of the 
single droplet combustion to evaluate the reduction of droplet size, 
where the pure HVO displays a longer lifetime. The nanofuel HVO + n- 
Al 40 nm (1.0 wt.%) depicts the fastest regression of droplet diameter. A 
mechanism responsible for reducing the droplet lifetime in nanofuels is 
micro-explosions, which occurs in the final phase: dry - out. When the 
droplet reaches a critical size, a disruptive burning phenomenon, 
namely micro-explosion occurs [21,28]. 

The pure HVO provides a steady burning until reaching the end of 
the droplet lifetime, while all the nanofuels in use exhibit micro- 
explosions at the end of their lifetime, regardless of the particle size 
and concentration. The detection of this event occurs when agglomer
ates of nanoparticles leave the primary droplet and ignite, producing 
intense bright spots. For a lower concentration HVO + n-Al 40 nm (0.5 
wt.%), micro-explosions occurred at later time instants. As shown in 
Fig. 6, the micro-explosion of HVO + n-Al 40 nm (1.0 wt.%) occurs at t 
= 33 ms, and the micro-explosion of HVO + n-Al 40 nm (0.5 wt.%) at t 
= 38 ms, approximately 5 ms later. The onset of micro-explosions shows 
that an increase in the particle concentration and reduction in the par
ticle size promote the occurrence of micro explosions earlier in the 
droplet lifetime, even though these phenomena only occur with a slight 

Fig. 7. Square of the normalized droplet diameter as a function of the normalized time at 1100 ºC for the pure HVO and the four nanofuels (D0 = 250 μm, at
mospheric pressure). 
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instant difference. In order to follow the visualization of droplet diam
eter reduction between all fuels as shown in the previous images, Fig. 7 
shows the square of the normalized droplet diameter (D2/D2

0) as a 
function of the normalized time (t/D2

0). For the representation of each 
D2 curve, 40 droplets were used. To smoothen the curves, a five-point 
moving average was employed in D2 curves. 

The initial droplet diameter (D0) corresponds to the droplet diameter 
as it enters the quartz tube and ignites. As observed in Fig. 6, the droplet 
size evolution of the pure HVO and the nanofuels are quite different, 
mainly at the end of the droplet lifetime. For nanofuels, the last phase of 
the droplet lifetime is named dry - out phase, which begins approxi
mately at t/D2

0 = 0.38 (s/mm2) and is represented by a black circle in 
Fig. 7. The nanoparticle dynamics inside the droplet affect the droplet 
evaporation. Comparing the nanofuels, the D2 curves practically over
lap, where a slight difference can be detected from each particle size. 

As already observed, the transition from the steady - state to the dry - 

out phase is related to the particle concentration. It indicates no great 
difference between the droplet size evolution curves in this range of 
particle size (40 nm and 70 nm). However, the present results are in 
agreement with the literature findings, i.e., a reduction in the particle 
size leads to an increase the wet surface area when a constant particle 
concentration is considered. This fact promotes an increase in the 
evaporation rate. 

For pure HVO, it can be affirmed that the droplet follows the classical 
liquid droplet combustion theory, however, for nanofuels, the curves 
present a different behavior indicating that the presence of nano
particles influences the droplet size evolution. Additionally, the particle 
size and concentration affect the curves, these relevant details have a 
notorious influence at the dry - out phase, where micro-explosions are 
spotted. The following sections are dedicated to understanding these 
disruptive burning phenomena and a more detailed description 
regarding the droplet size evolution for a pure HVO and HVO + n-Al. It is 
essential to mention that the ambient temperature greatly affects the 

Fig. 8. Sequence of instantaneous images of the micro-explosion of an HVO + n-Al 40 nm (0.5 wt.%) (D0 = 250 μm, T = 1100 ºC, atmospheric pressure).  
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droplet combustion behavior. The ambient temperature of the present 
work is considerably higher than the boiling point of the fuel and the 
melting of aluminum. An ambient temperature of T = 1100 ºC was 
tested, which leads to fast initial heating of droplet and considerable 
radiative heat transfer. 

3.2. Disruptive burning phenomena 

Fig. 8 shows a sequence of images of the micro-explosion of HVO +
n-Al 40 nm (0.5 wt.%). This sequence of images corresponds to the end 
of the droplet lifetime that demonstrates in detail and sequentially this 
phenomenon for a droplet of HVO + n-Al 40 nm (0.5 wt.%). The visu
alization of this phenomenon permits to understand and describe how it 
influences droplet combustion. Based on this, when the liquid fuel is 
mostly consumed, the droplet presents a different behavior, where a 
considerable amount of nanoparticles remains inside the droplet. This 
behavior means that, as the biofuel is evaporating, the aluminum 

nanoparticles are concentrating at the droplet surface. The agglomera
tion of nanoparticles hinders the vaporization of the liquid fuel and 
promotes local hot spots. The presence of a hot spot increases the local 
droplet temperature and induces biofuel vapor nucleation, leading to a 
micro-explosion [36]. According to [49,55], to analyze the relative 
motion of the regressing surface and particles, the Peclet number (Pe) 
should be studied. The final particle morphology after the liquid evap
orate could be given by this dimensionless number. 

Pe ≡
K
8D

(4) 

Where K is the evaporation rate, and D is the particle diffusion co
efficient in the liquid droplet, which is estimated by the Einstein-Stokes 
relation. The Einstein-Stokes relation is expressed by D = kBT/6πμlrp 

where kB, T, μl, and rp are Boltzmann constant, temperature, liquid 
viscosity, and the particle radius, respectively [55]. When Pe≪1, the 
particles have enough time to diffuse through the droplet, which leads to 

Fig. 9. Sequence of instantaneous images of the micro-explosion of an HVO + n-Al 40 nm (1.0 wt.%) (D0 = 250 μm, T = 1100 ºC, atmospheric pressure).  
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packed spherical particle aggregate. On the other hand, when Pe≫1, the 
time to diffuse the particles through the droplet is insufficient, resulting 
in an accumulation on the droplet surface. Consequently, taking into 
consideration Eq. 4 and based on the physical properties of the inves
tigated system, an approximately value for the value of Pe was estimated 
to be of the order of 1000, i.e. Pe≫1. The values of rp were 20 and 35 nm. 
Regarding the temperature, T was approximately 280 ºC acquired from 
the distillation curve [47] and the viscosity values were obtained from 
[31,48]. This Pe value asserts that the particles are agglomerating at the 
droplet surface before notable particle redistribution occurs by diffu
sion. The liquid biofuel is evaporating more quickly than the aluminum 
particles diffusion, evidencing that convective transport dominates over 
the diffusive transport. 

In the present work, the visualization of nanoparticle aggregation 
inside the droplet is not possible. However, through image analysis, it 
was detected a short period of an approximately constant droplet 
diameter at the end of the droplet lifetime, indicating the presence of 
aggregation. The disruption of the primary droplet begins at t = 38 ms. 
At this instant, the solid phase has a predominant role. The suppressing 
of the vaporization of the biofuel increases the droplet temperature. This 
process leads to the biofuel vapor nucleation, promoting the ejection of 
solid particles agglomerates. These aluminum particles ignite and pro
mote small bright spots. However, few nanoparticles remain in the 
primary droplet and are continuously exposed to the high ambient 
temperature, leading to ignition. This event leads to aluminum com
bustion when no more liquid fuel persists, being identified by intensely 
bright spots, which gradually extinguishes at t = 43 ms. Afterward, the 
final combustion residue is violently projected away, ending up 
ascending as the smoke tail. The final residue was not collected, due to 
impossibility in the experimental setup. The combustion residues are 
expelled through the exhaust, however, the impact and influence of 
these products can be evaluated in more concrete conditions such as in a 
spray. Studies on nanofuels spray combustion are truly scarce. In this 
way, understanding how nanoparticles enhance biofuel performance 
and the effect micro-explosions and radiation in the combustion process 
would reinforce the potential use of nanofuels. 

Fig. 9 shows a sequence of images depicting the micro-explosion of 
HVO + n-Al 40 nm (1.0 wt.%). Before the ejection of aluminum parti
cles, the droplet diameter is approximately constant for a short period of 
time at the end of the droplet lifetime, as observed for the lowest con
centration. Similar to the observations reported in the previous para
graphs, for the HVO + n-Al 40 nm (0.5 wt.%) droplets, the disruption of 

the primary droplet begins with the ejection of particles agglomerates 
leading to their ignition. As already mentioned, at the end of the droplet 
lifetime, the vapor nucleation of the biofuel leads to an intense micro- 
explosion due to the increase of the nanoparticle concentration at the 
droplet surface. This phenomenon can be identified at instant t = 34 ms 
due to the ejection and combustion of several aluminum aggregates in 
different directions. These disruptive burning events are dependent on 
particle concentration, indicating that the micro-explosions intensity 
increases for higher nanoparticle concentration. For all nanofuel drop
lets, micro-explosion is detected and its intensity varies greatly in 
respect to the particle concentration, being a minimal difference in the 
particle size. Micro-explosions for nanofuel droplets present a proba
bility occurrence of 100 %. In virtue of these observations, micro- 
explosion intensity is related to the number and distribution of frag
ments ejected from the primary droplet in the present work. 

Fig. 10 shows the average number of fragments released when the 
primary droplet disrupts due to the micro-explosion, for all investigated 
nanofuels. To evaluate the micro-explosion intensity, a simple and 
empirical method was employed. The number of droplet fragments is 
counted through image data processing, when the fragment size is larger 
than the pixel size. The results show that increasing the nanoparticle 
concentration leads to an increase in the number of fragments and an 
increase in the projection distance. However, for lower concentrations 
(0.5 wt.%), a weaker fragmentation occurs, indicating a decrease in the 
micro-explosion intensity. It is important to highlight that in future 
works, alternative techniques should be employed (e.g. acoustic and 
temperature sensor measurements) for validating the present method. 
Additionally, the nanoparticle concentration also influences micro- 
explosion delay. As mentioned before, when analyzing the results 
depicted in Fig. 6, the micro explosion delay decreases for higher 
nanoparticle concentrations. The micro-explosions delay is related to 
the accumulation of aluminum nanoparticles and to the appearance of a 
local hot spot inside the droplet. Increasing the particle concentration in 
the biofuel, the number of particles inside the droplet is higher and the 
solid phase becomes predominant earlier in the droplet lifetime, 
resulting in a decrease in micro-explosions delay when compared to 
nanofuels with lower particle concentration. 

Regarding the particle size, a pronounced difference in the results of 
this investigated range suggests that it has a small effect on micro- 
explosion intensity when compared to particle concentration. Based 
on the experiments, the nanofuels combustion can be divided into five 
stages: preheating, ignition, combustion, micro-explosion, and 

Fig. 10. Number of fragments as a quantification method for micro-explosion intensity at the end of the dry - out phase.  
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aluminum combustion. Fig. 11 shows the schematic diagram of the 
different phases present in the nanofuel droplet combustion, including 
an illustration of a micro- explosion at the dry-out phase. At the initial 
stage, the droplet is heated by high ambient temperature, then a 
reduction in its diameter is observed, as displayed at the steady - state 
phase. Finally, at the dry - out phase, a micro-explosion appears for all 
the nanofuel regardless of particle size and concentration. As mentioned, 
liquid fuel evaporation promotes an increase in the particle concentra
tion inside the droplet surface. Due to the presence of these particles, the 
local hot spot appears, inducing the biofuel vapor nucleation and, 
consequently the occurrence of a micro-explosion. During this process, 
the particle agglomeration ignites, pronouncing the aluminum com
bustion. After this, the disintegration of the primary droplet reveals the 
end of the droplet. Despite the differences observed in intensity and in 
the micro-explosion delay, the appearance of micro-explosions signifi
cantly reduces the droplet lifetime for both sizes and concentrations, as 
will be described in detail in the following section. 

3.3. Droplet size evolution and burning rate: A comparison between pure 
biofuel and a nanofuel 

This section is dedicated to a comparison between a pure biofuel and 
a nanofuel to provide insights and detailed description for different 
evaporation phases. Fig. 12 shows the square of the normalized droplet 
diameter as a function of the normalized time for pure HVO and HVO +
n-Al 70 nm (1.0 wt.%). The temporal evolution of the droplet size 

Fig. 11. Schematic diagram of single droplet combustion, including an illustration of a micro-explosion.  

Fig. 12. Square of the normalized droplet diameter as a function of the 
normalized time at 1100 ºC for pure HVO and HVO + n-Al 70 nm (1.0 wt.%) 
(D0 = 250 μm, atmospheric pressure). 
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reduction for the pure HVO is in good agreement with the well - known 
D2 law, as shown in Fig. 12. The classical liquid droplet combustion 
theory states that the normalized square diameter decreases linearly 
with time, with a nearly constant slope, defined as the burning rate (K). 

The results show that the falling droplet of pure HVO burns as a fully 
liquid droplet without disruptive burning phenomena. [41] evaluated 
the burning characteristics of HVO single droplets in a drop tube 
furnace. The authors observed no micro-explosions during the com
bustion of HVO. However, the burning rate reported by [41] is relatively 
smaller due to their different experimental conditions where was also 
considered smaller droplet diameters. Additionally, adding aluminum 
nanoparticles to the pure HVO affects the temporal evolution of droplet 
size reduction, as noticed in Fig. 6 and Fig. 7. Through the comparison of 
the pure HVO with the nanofuel, it can be seen that the nanofuel pre
sents a steeper droplet size regression curve hence reaches the 
(D/D0)

2
= 0.38 earlier than the pure biofuel. The droplet size evolution 

of nanofuels does not follow the D2 law and is in agreement with the 
qualitative description of nanofuel droplet evaporation and combustion, 
as discussed in the previous paragraphs. At the later stages of the droplet 
lifetime, the formation of the nanoparticle aggregates evidence a 
reduction in evaporation, showing a different evolution of the curve. 
During the steady - state phase, the droplet diameter is being reduced 
considerably, and a few oscillations and contractions occur without 
pronouncing evidence in the droplet size evolution curves. Additionally, 
no micro-explosions are detected at this stage. 

Aluminum nanoparticles aggregation at the droplet surface difficult 
the vaporization of liquid fuel that remains at the end of the droplet 
lifetime. Consequently, the normalized squared diameter of the nanofuel 
is approximately constant for a few instants, until a micro-explosion 
occurs. This disruptive burning event is fundamentally influenced by 
the particle concentration and determines the end of the nanofuel 
droplet lifetime. These phenomena were intensively studied for emul
sions, composed of fuels with different boiling points, in diverse con
ditions, leading to micro-explosions [57]. For a nanofuel involving a 
liquid fuel and nanoparticles, the appearance of micro-explosions has a 
different explanation. In nanofuels, there are the presence two different 
phases (solid and liquid phase). In this respect, the occurrence of micro- 
explosions leads to secondary atomization, dispersing particle agglom
erate and remain liquid fuel which promotes a reduction in the droplet 
lifetime. 

For a better understanding of the curves shown in Fig. 12, the 

temporal evolution of burning rate and average burning rate for the pure 
HVO and HVO + 70 nm (1.0 wt.%), are displayed in Fig. 13. For the 
analysis, 40 droplets were considered. 

For the pure liquid biofuel, the average burning rate is approximately 
1.81 mm2/s, represented by a horizontal dashed black line. The analysis 
of the instantaneous values indicates that this fuel is evaporating 
without abrupt variations, meaning that it is almost constant. Never
theless, for HVO + 70 nm (1.0 wt.%), the average burning is 2.52 mm2/s, 
and the presence of nanoparticles influence the droplet behavior in the 
evaporation process. As shown in Fig. 12, in the early stages, the tem
poral evolution of the burning rate is considerably higher than the 
average burning rate until approximately t/D2

0 = 0.18 (s/mm2). Then, 
the liquid fuel continues to be consumed, and the instantaneous values 
begin to decrease. As shown in Fig. 13, the steady - state phase can be 
divided into two stages. The first stage corresponds to a higher burning 
rate than that obtained for pure HVO. Then, the burning rate decreases 
and at some point, its values are lower than those for the pure biofuel. A 
plausible explanation for this evidence is reported by [14]. At the first 
stage, until t/D2

0 = 0.18 (s/mm2), the burning rate increases due to ra
diation absorption. After this, the temporal evolution of the burning rate 
decreases due to the nanoparticles aggregation that offers a resistance to 
evaporation. 

The reduction is significantly evident at the dry-out phase, beginning 
approximately at t/D2

0 = 0.38 (s/mm2). This result is due to the increase 
in the solid phase/liquid phase ratio as time evolves, affecting the 
burning rate. The droplet size reduction leads to an increase of nano
particles concentration within the droplet, indicating burning rate 
values closer to zero at the end of the nanofuel lifetime. 

The end of the first stage was considered when the burning rate 
decreases linearly at approximately t/D2

0 = 0.18 (s/mm2). Fig. 13 shows 
that between the instants at t/D2

0 = 0.16 (s/mm2) and t/D2
0 =

0.20 (s/mm2), the burning rate values are in the vicinity of the average 
burning rate and then begins to decrease significantly. Regarding the 
last stage, t/D2

0 = 0.38 (s/mm2), this instant was selected due to the 
burning rate values closer to zero indicating the dry-out phase. 

The enhancement of the burning rate in a nanofuel is also due to the 
addition of particles that increase the effective thermal conductivity. 
According to [32], the droplet temperature increases as a consequence 
of the radiative absorption. Thus, the droplet evaporation increases 
compared to the pure biofuel, regardless of the particle size and 
concentration. 

To enhance the knowledge regarding nanofuel evaporation behavior, 
a simplified macroscopic model should be developed in future works to 
compare with the classical liquid droplet combustion theory. Fig. 14 

Fig. 13. Temporal evolution of burning rate and average burning rate for the 
pure HVO and HVO + 70 nm (1.0 wt.%) (D0 = 250 μm, T = 1100 ºC, atmo
spheric pressure). 

Fig. 14. Schematic diagram of a falling droplet in the drop tube furnace (Td - 
Droplet temperature, Tg - Ambient temperature, Tw - Wall temperature). 
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shows a schematic diagram of a falling droplet in the drop tube furnace 
where heat exchanges by convection and radiation are highlighted. To 
evaluate the effective contribution, in particular, of radiation in nano
fuels, more detailed studies should be developed relating the influence 
of the concentration of particles and also involving specific parameters 
such as wall temperature or emission/absorption coefficients [51]. 

The burning rate for all the fuels studied in the present work will be 
discussed below. 

3.4. Droplet lifetime and average burning rate 

Fig. 15 shows a comparison of the droplet lifetime for the fuels. At t 
= 0 s, the initial droplet diameter for all the fuels is 250 μm and droplet 
lifetime corresponds to the time of the total consumption of the primary 
droplet. As already mentioned, the droplet of pure HVO depicts a longer 
lifetime when compared with the nanofuel droplets. For the nanofuels, 
regardless of the size and concentration of aluminum particles, a 
disruptive burning phenomenon occurs, pronouncing the end of the 
droplet lifetime. An increase in the particle concentration leads to an 

Fig. 15. Droplet lifetime for pure HVO and four nanofuels (D0 = 250 μm, T = 1100 ºC, atmospheric pressure).  

Fig. 16. Average burning rate of pure HVO and four nanofuels (D0 = 250 μm, T = 1100 ºC, atmospheric pressure).  
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increase in the micro-explosion intensity and an earlier occurrence. 
Thus, droplets of HVO + n-Al 40 nm (1.0 wt.%) present an earlier micro- 
explosion and more intense than HVO + n-Al 40 nm (0.5 wt.%). Similar 
results are noticed for the nanofuels with a larger particle size (70 nm). 
For the investigated range of particle size, its effect is negligible on 
droplet lifetime. Droplets of HVO + n-Al 40 nm with the highest nano
particle concentration have the shortest burning time for the experi
mental conditions studied in this work. Overall, pure HVO droplets 
depict the longest lifetime, while HVO + n-Al 40 nm (1.0 wt.%) has the 
shortest. 

Droplet burning rates for pure HVO and each nanofuel are displayed 
in Fig. 16. The results presented in this figure were acquired not taking 
into account the dry - out phase t/D2

0 = 0.38 (s/mm2), where an 
approximately constant droplet diameter is observed for the nanofuels. 
Hence, the burning rates present in Fig. 16 do not include the end of the 
droplet lifetime. As mentioned earlier, 40 droplets were analyzed to 
evaluate the average burning rate of the fuels, which was determined by 
K = − d

(
D2)/dt. 

Pure HVO has a lower average burning rate than the nanofuels. This 
means that the addition of nanoparticles has considerable relevance in 
enhancing the average burning rate of biofuel. Various findings are 
focused on mechanisms that truly contribute to the enhancement of the 
burning rate which considers the radiation absorption, thermal con
ductivity, and micro-explosions, as already referred by [14,50,51] and 
mentioned in the present work. 

By comparing the nanofuels, it was noticed that the higher burning 
rate corresponds to HVO with the smallest aluminum particles (40 nm). 
Regarding the particle concentration, it was observed that an increase in 
particle concentration promotes an increase in the burning rate. For a 
concentration of 1.0% of 40 nm added to HVO, the increase of the 
burning rate is approximately 40%. On the contrary, the particle size 
increase leads to a decrease of burning rates, being HVO + n-Al 70 nm 
(0.5 wt.%) the nanofuel with the lowest burning rate. The average 
burning rate is not significantly different for the various nanofuels tested 
here based on the measurements performed. The particle size does not 
vary significantly, however, it gives information regarding the influence 
of the nanoparticle dynamic in a liquid fuel where the primary goal was 
to increase biofuel performance through nanoparticles addition. 
Regardless of the particle size and concentration, a notable improve
ment in the burning of biofuel was observed. A table (Table 5) with the 
relative improvement due to the addition of aluminum nanoparticles 
can be found in appendix A. 

Subsequently, further studies covering a wider range of temperatures 
and nanoparticle sizes should be performed in order to confirm if the 
nanofuel behavior is also maintained at different ambient temperatures. 

4. Conclusions 

The burning characteristics of pure HVO and HVO with aluminum 
nanoparticles were experimentally investigated in a drop tube furnace at 
the ambient temperature of 1100 ºC. The present work allows the study 
of reduced droplet diameter burned at a high ambient temperature 
without the use of a supporting fiber was investigated. In this respect, 
more realistic behavior was evaluated to highlight the effect of nano
particles in a suitable biofuel for the aviation sector. Different sizes and 
concentrations of aluminum nanoparticles were added to the HVO and 
evaluated in terms of droplet size regression and micro-explosion. The 
main conclusions from this study are summarized as follows: 

• The falling droplets ignited when entering the quartz tube. Subse
quently, a flame was observed at the wake of the droplet for each 
fuel. Pure HVO droplets display a longer lifetime when compared to 
nanofuels. The nanofuels present a disruptive burning phenomenon 
at the end of the droplet lifetime.  

• Combustion characteristics of pure HVO can be enhanced through 
the addition of nanoparticles to the biofuel. This was experimentally 
supported in this study by observing several disruptive burning 
phenomena, which occur at the end of droplet lifetime. The micro- 
explosion intensity increases with an increase in the aluminum 
nanoparticles concentration. The micro-explosion delay is also 
influenced by particle concentration, decreasing with the increase of 
particle concentration. 

• Droplets of HVO follow the D2 law until the end of the droplet life
time. However, for nanofuels, the droplet size evolution does not 
follow the D2 law being evident at the dry - out phase present at the 
latter stage of droplet lifetime. 

• The nanofuel HVO + 40 nm (1.0%) is the most promising fuel, pre
senting the highest burning rate and lowest droplet lifetime. In 
contrast, pure HVO displays the lowest burning rate.  

• The effect of particle size (for the investigated range study in the 
present work) was not noticeable on droplet lifetime and micro- 
explosion intensity. 
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Table 5 
Relative values for burning rate and droplet lifetime.  

Nanofuels Burning rate 
[%] 

Droplet lifetime 
reduction [%]   

HVO + n-Al 40 nm 
(0.5%) 

40.9 8.3   

HVO + n-Al 40 nm 
(1.0%) 

42.5 22.2   

HVO + n-Al 70 nm 
(0.5%) 

35.9 8.3   

HVO + n-Al 70 nm 
(1.0%) 

39.2 16.7    
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precursor/solvent solutions for nanoparticle production: Optical diagnostics on 
single isolated burning droplets with micro-explosions. Proc Combust Inst 2019;37: 
1203–11. 

[37] Liu JZ, Chen BH, Wu TT, Yang WJ, Zhou JH. Ignition and combustion 
characteristics and agglomerate evolution mechanism of aluminum in nal/jp-10 
nanofluid fuel. J Therm Anal Calorim 2019;137:1369–79. 

[38] Liu YC, Savas AJ, Avedisian CT. The spherically symmetric droplet burning 
characteristics of jet-a and biofuels derived from camelina and tallow. Fuel 2013; 
108:824–32. 

[39] Moita AS, Laurência C, Ramos JA, Prazeres DMF, Moreira ALN. Dynamics of 
droplets of biological fluids on smooth superhydrophobic surfaces under 
electrostatic actuation. J Bionic Eng 2016;13:220–34. 
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