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Abstract: The expansion of the research on nanoscale particles demonstrates several advantages in
terms of stability and an increased surface area to volume ratio compared to micron-sized particles.
Based on this, the present work explores the addition of aluminum particles in hydrotreated vegetable
oil (HVO), an alternative jet fuel. To evaluate the influence of particle sizes, nano and micron particles
(40 nm and 5 µm) in a particle concentration of 0.5 wt.% were stably suspended in HVO. This study
evaluates droplet combustion with an initial diameter of 250 µm in a drop tube furnace under different
furnace temperatures (600, 800, 1000 ◦C). A high magnification lens coupled with a high-speed camera
provides qualitative and quantitative data regarding droplet size evolution and micro-explosions.
Pure HVO and Jet A-1 were also tested for comparison purposes. The results reveal that the addition
of aluminum particles enhances the alternative jet fuel combustion. Furthermore, decreasing the
particle size and increasing the furnace temperature enhances the burning rate compared to the pure
HVO. Pure HVO presents a burning rate nearly to 1.75 mm2/s until t/D2

0 = 0.35 s/mm2 at T = 1000 ◦C.
When nanoparticles are added to HVO in a particle concentration of 0.5 wt.%, an improvement of
24% in burning rate is noticed. Conventional jet fuel and pure HVO do not present any disruptive
burning phenomena. However, when aluminum particles were added to HVO, micro-explosions
were detected at the end of droplet lifetime, regardless of the particle size.

Keywords: single droplet combustion; aluminum particles; biofuel; micro-explosion; drop tube
furnace; high-speed camera measurements

1. Introduction

The interest around innovative and alternative energy sources is notorious. Metal
particles have received significant attention in the combustion community due to their
potential use in several applications, such as propellants, explosives, pyrotechnics, among
others [1–3]. According to Dreizin [4], magnesium, aluminum, and boron are metals
that present high combustion energies and thus high energy densities, which attract their
adoption in various systems. Choudhury [5] developed a review based on slurry fuels
defined as a suspension of fine particles of solid fuel in a liquid hydrocarbon, an advantage
being its high energy density. Potential applications of coal/water and coal oil/slurry were
discussed, as well as the burning characteristics of aluminum, boron, and carbon slurries.
Moreover, use of micron-size particles in several applications showed issues regarding
clogging, rapid settlement, poor stability, and particle agglomeration were also reported [6].
These issues are disadvantages that influence the operation of the systems.

Several researchers have demonstrated attraction to the investigation of micro-explosions
that occurred in slurry fuels [7,8]. Baek et al. [7] stated that a micro-explosion appears
due to the shell formation and a pressure build-up shell promoted by the suppression
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of evaporation, subsequent superheating, and heterogeneous nucleation of a liquid fuel.
The authors [7] also defend that these micro-explosions can reduce the corrosion of com-
bustor walls and a few pollutant reductions derived from inefficient combustion. More
recently, Valiullin et al. [9] evaluated the ignition and combustion of slurry fuel droplets
under different heating conditions. In this context, conductive, convective, and radiation
mechanisms were considered. The authors noticed that the minimum ignition delay times
were obtained during convective heating and the maximum combustion temperatures were
obtained with radiation heating.

A considerable number of experimental studies regarding metal combustion sus-
pended or not in liquid hydrocarbons can be found in literature. However, constraints
in experimental setup can complicate the research and development in this field. Due
to this, numerical analysis can be a helpful complement for experimental studies, which
allows the replication of complicated conditions and a better understanding of physical
aspects. Several numerical approaches to evaluate the aluminum combustion [10–12],
and slurry fuel droplets [13] were developed for comprehension of these subjects and also
potentially helping metal combustion studies. Furthermore, numerical studies focused on
aerodynamic aspects [14,15] and droplet combustion even in the absence of particles [16,17]
are also relevant for the scientific community.

Previous studies were primarily based on micron-sized particles [18]. However,
through research and development of nanotechnology, the possibility of obtaining particles
with a smaller size and various advantages was achieved. Based on this, nanoparticles have
demonstrated that their physicochemical properties are truly favorable compared to those
micron-sized particles. In this respect, thermodynamic and heat transfer properties change
as a consequence of the increase in surface-to-bulk atom ratio and specific surface area.
Thus, a higher reactivity can be accomplished due to the increase of surface area available
to react [4,6,19]. These achievements of using nanoparticles can be extended to other fields.

Nanofuels can be defined as a novel type of fuel where nanoparticles in a range
of 1–100 nm are dispersed in a conventional liquid fuel. Basu et al. [20] developed a
review dedicated to the combustion and heat transfer characteristics of nanofluid fuel
droplets. The authors [20] stated that the addition of nanoparticles to conventional fuels
and propellants improved combustion performance in terms of enhancement in volumet-
ric energy density, catalytic activity, low ignition delay, and reduced soot and pollutant
emissions. Additionally, higher ignition probability and higher burning rates were also
reported. The minimization or mitigation of issues involving clogging, rapid settlement,
poor stability, and agglomeration caused by micron-size particles can be solved by using
nanoparticles [6].

A preliminary study involving the use of nanoparticles in conventional fuel was devel-
oped by Tyagi et al. [21]. The purpose of the study was to improve the ignition properties
of diesel, adding aluminum and aluminum oxide nanoparticles in different particle sizes
(15 and 50 nm) and volume fraction (0%, 0.1%, and 0.5%). Results demonstrated that the
ignition probability of diesel increases when nanoparticles are added. To understand the
effect of particle size, Gan and Qiao [22] performed an experimental study to evaluate
the burning characteristics of fuel droplets containing nano and micron-sized aluminum
particles. Several parameters were investigated, such as stability, surfactant concentra-
tion, and the type of base fuel (ethanol and n-decane). The authors observed that the
particle size and base fuel influence the stability. Thus, nanoparticles suspended in a fuel
present better stability when compared to micron-sized particles, and ethanol provides
better suspension than n-decane fuels. In this work, micro-explosions were observed for
both particle sizes. However, micro-explosions of micron-sized particles occurred later
than the fuel with nanoparticles with much stronger intensity and were accompanied by
intense fragmentation of the primary droplet. The occurrence of micro-explosions was
also reported in various investigations [23–25]. Javed et al. [23] studied the evaporation
behavior of kerosene droplets with different aluminum particle concentrations using a
silicon carbide fiber. It was reported that an increase in the furnace temperature and particle
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concentration leads to micro-explosions with higher intensity and earlier in the droplet life-
time. The same study [23] observed that the furnace temperature and particle concentration
affect the nanofuel evaporation rate. The increase in the evaporation rate is noticed until a
specific particle concentration (2.5%). The increase of the evaporation/burning rate was
also noticed by Tanvir and Qiao, and Tanvir et al. [26,27]. Tanvir and Qiao [26] developed a
stream droplet combustion experiment to evaluate the influence of droplet size. Aluminum
nanoparticles were stably suspended in ethanol. The results reveal that adding aluminum
nanoparticles in a concentration of 5.0 wt.% to the ethanol enhanced the burning rate by
140%. The authors noted that the absorption of radiation energy emitted from the stream
flame is a relevant energy transfer mechanism on nanofuels. The pertinence of relation
between evaporation/burning rate of a nanofuel droplet with the radiation absorption has
been reported in the literature [28,29]. Gan and Qiao [29] performed an investigation of
the radiation properties of nanofluid fuels and their influence on droplet evaporation rates.
The work was performed using two different nanoparticles (Al and Al2O3) suspended
in ethanol. The results reveal that radiation absorption can be significantly enhanced by
adding a small amount of aluminum nanoparticles to the base fluid. Furthermore, compar-
ing the influence of Al2O3 and Al nanoparticles in ethanol, it was demonstrated that the
former reduces radiation absorption. In general, the strong absorption of radiation energy
by nanoparticles increases the nanofluid droplet temperature, leading to an enhancement
in the evaporation process. It is proved that the addition of nanoparticles can potentially
improve certain combustion characteristics of liquid fuels. In this context, refs. [30,31]
evaluated the jet fuel combustion with various type of nanoparticles.

According to Ng et al. [32], aviation fuels can be designated as commercial and mili-
tary jet fuels. Regarding the commercial jet fuel, Jet A is used in the United States while
most of the rest of the world uses Jet A-1, the freezing point being the main difference [33].
For military aviation, JP-8 is the fuel mainly used. Conventional jet fuels are provided
from kerosene produced from crude oil, a finite source. Fossil fuels are the main energy
source globally and have limited resources. In addition, products of fuels used in aviation
negatively impact the environment. The aviation concerns in terms of depletion of fossil
fuels, allied with the accelerated growth of this sector and the emissions of greenhouse gas
and pollutant, have forced more ecological and sustainable solutions. A potential pathway
to solve these issues is the employment of biofuels due to their sustainability and the
possibility of using them in aero-engines. Furthermore, biofuels are promising fuels that
can replace fossil fuels and reduce pollutant emissions. These fuels are renewable sources
derived from organic matter, which may include firewoods, animal fats and oils, charcoals,
animal dungs, and vegetable oils [34]. The introduction of biofuels or alternative jet fuels
has already been investigated and in this respect should comprise several properties, such
as inedible, renewable resources, reduced pollutant, and greenhouse gas emissions, compat-
ibility with the traditional fuel, sustainability, and clean burning [35,36]. According to [37],
a few categories and technology pathways were approved by the American Society for
Testing and Materials (ASTM). Hydroprocessed esters and fatty acids (HEFA) technology
use vegetable and waste oils that are available to be produced on a large scale and were
already used in commercial passenger flights [36,37].

As mentioned above, the use of biofuels and enhancing their performance with particle
additives is a relevant topic for combustion systems. Thus, this study evaluates the effect of
particle size in alternative jet fuel (HVO/HEFA), a biofuel already tested and used in real
aero-engines. To accomplish this, a free falling droplet combustion will be studied under
the influence of three furnace temperatures (600, 800, 1000 ◦C). Additionally, conventional
jet fuel and pure biofuel were also tested. In the literature, nanofuels or micron-sized
particles suspended in liquid hydrocarbon studies using a small droplet diameter are scarce.
Moreover, the use of a supportive fiber was also avoided to better understand the onset
of disruptive burning phenomena. The present work provides a satisfactory compromise
between experimental work and practical conditions due to the use of relatively high
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furnace temperature, reduced droplet diameter, and no supportive fiber, which can offer a
new perspective in this field.

2. Materials and Methods
2.1. Fuels Preparation and Properties

In the present work, conventional jet fuel (Jet A-1) and a biofuel (HVO) were tested
for comparison purposes. Table 1 shows the HVO and Jet A-1 properties. Jet fuel pow-
ered aircraft engines differ from the traditional combustion engine fuels, mainly in their
physicochemical properties, due to restrictions imposed by the aeronautical industry to
guarantee reliability, safety, security, and other aspects. It requires a high energy content,
good flow characteristics, and thermal stability [38]. Commercial aviation fuel (Jet A-1)
is supplied from kerosene and derived from a fractional distillation of crude oil. This
fuel is a mixture of many different hydrocarbons being mainly composed of n-paraffins,
branched iso-alkanes (iso-paraffins), cyclic alkanes (naphthenes), and aromatics [32,39].
Hydrotreated vegetable oil (HVO) or HEFA is a renewable fuel obtained from converting
vegetable oils and animal fat into paraffinic hydrocarbons. This alternative jet fuel is a
NExBTL from NESTE that presents a high cetane number and does not contain sulfur,
aromatics, and oxygen in its composition. These fuels are stable for storage, resistant to
microbial growth, and do not form deposits in engines. According to [35], these are suitable
for conventional aircraft engines without further engine modification and do not raise any
fuel quality issues. In agreement with ASTM D7566 specification, HVO can be mixed with
conventional jet fuel, up to a blend ratio of 50% [39].

Table 1. HVO and Jet A-1 properties adapted from [32,33,40,41].

Parameter Standard Limit Jet A-1 HVO

Density (kg/m3) (at 20 °C) 771–836 798 780.6
Kinematic viscosity (mm2/s) (at 25 °C) 1.40 4.33
Surface tension (N/m) (at 20 °C) 0.0247 0.0265

Distillation

10 vol.% (°C) 170 262
50 vol.% (°C) 189 279
90 vol.% (°C) 219 291
Final boiling point (°C) Max. 300 237 308

Flash point (°C) Min. 38.0 38 77
Cloud point (°C) −26 −34
Sulfur (wt.%) Max. 30.0 0.3 0.09
Aromatics (wt.%) Max. 25.0 (vol.%) 13.8 0
Lower heating value (MJ/kg) Min. 42.8 43 43.9
Higher heating value (MJ/kg) 47 47.1
Hydrogen content 14.5 15.4
Carbon content 84.6 85.5
H/C ratio 1.91 2.18
Carbon number C8–C16 C15–C18

Figure 1 shows the distillation curve for the biofuel (HVO) and the conventional jet
fuel (Jet A-1). The HVO presents a higher boiling point when compared to the Jet A-1. Ad-
ditionally, it also displays a narrow boiling point range. This observation can be attributed
to the fact that HVO biofuel consists mainly of saturated hydrocarbons having 15 to 18
carbon atoms in their molecules [42]. On the other hand, aviation fuel comprises C8 to C16
hydrocarbon molecules, reflecting a broad distillation curve.
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Figure 1. Distillation curve for Jet A-1 and HVO.

In the present work, the metal particles used were aluminum as a result of high
density, high heat release during oxidation, relatively low cost, safe to use, and abundance
in Earth [1]. Micron- and nano-sized aluminum particles were used in various studies
reported in the literature, providing insight regarding this subject and data for comparison
purposes. It is also important to highlight that no particle oxidation was noticed when
added to HVO, which is why this biofuel can be evaluated with aluminum particles. A low
particle concentration of 0.5 wt.% and two particle sizes (40 nm and 5 µm) were considered
to evaluate the influence of adding aluminum particles to the biofuel. A reduced particle
concentration was used in order to guarantee the samples stability during the experiments.
The particle sizes were defined based on literature findings [6,22]. It is essential to mention
that the main purpose for comparing nano- and micron-sized particles. Figure 2 shows
SEM images of aluminum particles for (a) 40 nm and (b) 5 µm. Supplementary images of
the particles produced from Nanografi were added in Figure A1. Figure 3 shows the fuels
tested in this work. The pure fuels, HVO and Jet A-1, are essentially transparent fluids.
However, when aluminum particles are added to the base fuel, it is perceived that the
sample becomes dark and opaque, consequently influencing the radiation absorption.

a) b)

Figure 2. SEM images of aluminum particles (a) 40 nm and (b) 5 µm.
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Pure fuels Fuels with aluminum par�cles 

HVO Jet A-1 HVO + 40 nm (0.5 wt.%) HVO + 5 µm (0.5 wt.%) 

    

 

Figure 3. Fuels tested in the present work: HVO; Jet A-1; HVO + 40 nm (0.5 wt.%); and HVO + 5 µm
(0.5 wt.%).

The preparation of HVO + Al particles required a methodic procedure, an introductory
phase in studies that evolved a stable suspension of particles in liquid fuel. As mentioned,
two particle sizes (40 nm and 5 µm) and a particle concentration of 0.5 wt.% were considered.
According to [43] in nanofluids, the Brownian motion and nanoparticle aggregation are
the dominant mechanisms for the rheological properties compared to the micron-sized
suspensions. The development and growth of agglomeration and clogging can affect the
physical properties [44]. Due to this, the sample should be homogeneous and stable with no
evident particle agglomeration before and during the experiments [22]. A two-step method
was applied to evaluate the stability, and a qualitative study based on visual inspection
was performed.

Firstly, a precise mass of HVO and particles was mixed for 20 min with magnetic
stirring. Then, the liquid fuel with particles was sonicated in an ice bath for 30 min to
disperse the particles and avoid agglomeration. Afterward, the nanofuels stability is
examined in a test tube for several hours, days, and weeks. Figure 4 shows nanofuel
stability results. Sample A corresponds to a stable suspension, and sample D corresponds
to an unstable suspension, where most of the particles are presented at the bottom of the
test tube. Therefore, it was concluded that nanofuel stability reduction is noticed as time
evolves. Additionally, diminishing stability is observed as the particle size increases. In this
context, the HVO + 40 nm is more stable than HVO + 5 µm. Yetter et al. [19] reported
that micron-size particles after the dispersion settle very quickly when compared with
nano-size particles. Thus, nanoparticles present small mass, diameter, and specific surface
area, allowing the suspension for a considerable amount of time under certain conditions.
It is essential to highlight that the samples were stable during the single droplet combustion
experiments. In the present work, the use of surfactants was negligible. However, adding a
surfactant to this novel type of fuel is essential to enhance the stability for higher particle
concentration and large particle sizes. Moreover, the influence of surfactants should be
evaluated in terms of pollutant emissions and combustion characteristics to understand if
they affect the droplet combustion dynamics.

Figure 5 shows the physical properties of Jet A-1, pure HVO, HVO + 40 nm (0.5 wt.%),
and HVO + 5 µm (0.5 wt.%). The horizontal red dashed line corresponds to the Jet A-1
(conventional aviation fuel). The black dashed-dotted line corresponds to the pure HVO.
Density is depicted in Figure 5a, surface tension in Figure 5b, and lastly viscosity in
Figure 5c. The density was measured at room temperature (20 ± 3 ◦C) with Densimeter
DA-130N, and surface tension was measured with an optical tensiometer THETA (At-
tension), using the pendant drop method. A detailed description of the measurement
procedures is provided elsewhere [45]. Regarding the viscosity, Brookfield DV3TRVCP
Rheometer was used, and its accuracy is ±1.0% of the range. It was observed that the
viscosity presents the major difference between pure HVO and Jet A-1. No significant alter-
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ation of the physical properties of HVO + Al particles at this specific particle concentration,
compared to pure biofuel, was noticed. Tanvir and Qiao [46] argue that at low particle
concentration, the addition of particles has little influence, as observed in surface tension,
due to the large distance between particles.

 

 

 

 

 HVO + 40 nm (0.5 wt.%) HVO + 5 µm (0.5 wt.%) 

4 - 5 hours A A 

1 day A B 

2 days B C 

1 week C D 

Time 

Figure 4. Stability study.

a) b)

c)

Figure 5. Physical properties of the fuels used in the present work, (a) density, (b) surface tension
and (c) viscosity.
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2.2. Experimental Setup

Figure 6 shows a schematic of experimental setup. The main elements of the ex-
perimental facility are: drop tube furnace (DTF), illumination setup, image acquisition,
and droplet injection system. The DTF is heated by electric coils and allows the control of
the wall temperature and oxygen concentration, capable of achieving a maximum temper-
ature of 1200 ◦C. A vertical quartz tube is placed inside the DTF and possesses an inner
diameter of 6.6 cm and a length of 82.6 cm. A water-cooled injector at the top of the DTF
was used to feed the droplet and the oxidizer to the quartz tube. Thus, droplet combustion
occurs inside the quartz tube in a falling droplet method. The water-cooled injector allows
the entrance of the air supply to generate suitable surroundings for the droplet autoignition
and combustion. The air enters at the injector with a flow rate of 5.7 L/min and a precision
error of ±2%. Therefore, the injector has a distinct inlet for the air supply and the single
droplets. When the quartz tube environment reaches the desired temperature for each
test condition, the injection of a single droplet occurs. This experimental setup allows the
droplet combustion in a stable atmosphere, being the droplet trajectory in the central axis
of the quartz tube [41]. Figure 7 shows the temperature profile along the quartz tube for
the three test temperatures (600 ◦C, 800 ◦C, 1000 ◦C). These high furnace temperatures
allow an acceptable compromise between experimental and practical conditions. The data
were acquired using a 76 µm diameter fine wire platinum/platinum: 13% rhodium (type-R)
thermocouple. The horizontal axis corresponds to the distance from the tip of the injector
(x = 0 cm). The maximum standard deviation was T = 800 ◦C ± 56 ◦C at x = 0 cm.

Syringe pump

Diffusive 

light

High 

speed

CMOS

Signal

generator

ComputerGas 

exhaust

Figure 6. Droplet combustion experimental setup.

The droplets are injected by a system with a syringe pump, frequency generator,
and droplet generator. A TSI device, a commercial droplet generator, is placed at the
top of the DTF. A pinhole with a diameter of 200 µm is coupled to the droplet generator
producing a droplet stream. The fuels are fed with the aid of a syringe with a volume
of 50 mL being connected to a syringe pump. The operating conditions of the droplet
dispensing system are approximately 2.1 kHz and a flow rate of 1.3 mL/min, releasing a
stream of droplets with an initial diameter of 250 ± 12 µm. To this system, a rotating disk
was also added to guarantee the space/time between droplets. The rotating disk presents
approximately a diameter of 12 cm and a rotational speed of 1200 rpm with a 1 cm × 1 cm
slot. This rotating disk apparatus ensures no interferences from the droplet–droplet inter-
action in this study. The literature states that droplets spaced at least 30 diameters apart
could ensure independent burning [47,48]. Subsequently, each analysis was performed
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with approximately 50–60 droplet diameter distance. Additionally, the DTF has two oppo-
site rectangular windows with 2 cm width and 20 cm height for the droplet combustion
visualization. The illumination set is displayed opposite from the image acquisition sys-
tem. The illumination set comprises an LED light and a diffusion glass to improve the
contrast and fully visualize the droplet size evolution and disruptive burning phenomena.
Regarding the image acquisition system, a CMOS high–speed camera (CR600×2 from
Optronis GmbH, Ludwigstr. 2, 77694 Kehl, Germany), coupled with a high magnification
lens, was used. This system is connected to a computer, with the camera being manually
triggered. 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 magnifying range of 0.35–2.25, leading to an
increase in the spatial resolution of the image up to 8.2 µm/pixel. The image acquisition
was pursued with 1000 fps with a resolution of 1200 × 500 pixels and an exposure time of
1/13,000 s. To visualize disruptive burning phenomena in more detail, a high speed camera
Photron FASTCAM mini UX50 with 1.3 Megapixel was used with a high magnification
lens. In these particular observations, the image acquisition was performed with 3200 fps
and a exposure time of 16,000 s. Additional images of the experimental setup are provided
in Figures A2 and A3.

Firstly, the nanofuel preparation is performed. Subsequently, the droplet combustion
after the test temperature is achieved and several images are recorded. The last step corre-
sponds to the images analysis. The image data processing was performed in ImageJ and
MATLAB software. The ImageJ software evaluated the droplet size evolution, burning
rate, and droplet velocity. A region of interest (ROI) is defined, and the droplet outline is
marked through the brightness gradient for these analyses, allowing the droplet characteri-
zation. The identification of puffing and micro-explosions was performed in the MATLAB
software through an algorithm developed. The image data processing was performed
using subtraction, binarization, and identification of elements in the recorded images.
As mentioned in a previous study [49], in order to guarantee that the droplet size evolution
and burning rate of each fuel were independent of the sample size, a statistical study was
performed. Thus, the number of droplets that were essential to elaborate the results was
investigated. The study reveals that a minimum of 35 droplets is required to achieve a
statistical convergence, where no significant variation in the droplet size evolution curves
and burning rate were noticed. Therefore, 40 droplets were considered to each droplet size
evolution curve, as will be described in the following section.

Figure 7. Temperature profile along the quartz tube.
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3. Results
3.1. Visualization and Description of Pure Fuels Combustion

This section is dedicated to single droplet combustion of Jet A-1 and pure HVO.
Droplet size evolution, burning rate, and flame intensity will be compared for the test
furnace temperatures. As previously mentioned, three furnace temperatures (T = 600,
800, 1000 ◦C) were considered. The experiments for each fuel were performed under all
temperatures, however, for T = 600 ◦C, no quantitative results are described in the present
work. At the lowest furnace temperature, regardless of the fuel, the visualization and iden-
tification of auto-ignition were not possible in the majority of the droplets. In this context,
to provide an accurate comparison in all operating conditions, the droplet size evolution
and the burning rate at this specific temperature will not be analyzed and explained in
detail. Droplets were injected in the quartz tube after the desired test temperature was
achieved, as shown in Figure 7. The air is introduced in the quartz tube and heats due to
the electric coils presented in DTF. The droplet begins to vaporize from its surface when
entering the hot environment. Consequently, auto-ignition occurs immediately upon fuel
vapor, and air mixing is in an adequate proportion, leading to a diffusion flame formation.
In addition, ignition delay was not evaluated in the present work due to the constraints in
the experimental setup.

Figure 8 shows the droplet size evolution for Jet A-1 and HVO coupled with the
visualization of single droplet combustion. Figure 8a shows the square of the normalized
droplet diameter (D2/D2

0) as a function of the normalized time (t/D2
0). Each curve was

developed using 40 droplets, and a five-point moving average was employed for the
smoothening purpose. The results show that conventional jet fuel and biofuel obeyed
the D2 law. Therefore, the normalized square diameter decreases linearly with a nearly
constant rate defined as burning rate (K). Droplets of pure HVO display a longer lifetime,
however normalized droplet diameter evolution is quite similar for most of the lifetime
compared with Jet A-1. The major difference between the fuel is noticed at the end of
the droplet lifetime. It is essential to mention that the auto-ignition of Jet A-1 occurs
at a smaller distance from the tip of DTF injector related to the HVO. This fact can be
attributed to compounds with lower boiling points (lighter compounds) present in Jet A-1
composition [50]. As displayed in Figure 7, at T = 800 ◦C the droplet ignites in the region
between x = 3 and x = 4 cm. The maximum standard deviation in droplet size evolution
curve at T = 800 ◦C for Jet A-1 was ±0.05 and for HVO it was ±0.08.

Jet A-1 and pure HVO do not present any disruptive burning phenomena in the
droplet lifetime. Figure 8b shows instantaneous images of burning droplets at different
instants. It can be observed that as time evolves, the droplet diameter reduces as described
in Figure 8a for both pure fuels. An important characteristic that emerges among fuels is
flame intensity. In the present work, the visualization indicates that no symmetric spherical
flame is noticeable. Due to the high aromatic content, a brighter flame is noticed for Jet
A-1 [51]. On the other, the identification of HVO flame is quite difficult, and as mentioned
earlier, the biofuel does not possess aromatics in its composition and displays a flame with
lower intensity. In short, the flame intensity decreases as the droplet shrinks along its
lifetime, as depicted in Figure 8b.
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Pure HVO

Jet A-1

t=0ms t=7ms t=14ms t=21ms t=28ms t=38ms

a)

b)

t=0ms t=7ms t=14ms t=21ms t=28ms t=43ms

250 µm

Figure 8. Jet A-1 and HVO combustion at T = 800 ◦C: (a) Droplet size evolution; (b) Sequence of
imagens of burning fuels.

Figure 9 shows (a) droplet size evolution and (b) visualization of droplet combustion at
T = 1000 ◦C. Similarly to T = 800 ◦C, the fuel is in good agreement with D2 law. The normal-
ized square diameter decreases linearly with time without the occurrence of any disruptive
burning phenomena. The results show that by increasing the furnace temperature, the
combustion of fuels becomes closer.
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Figure 9. Jet A-1 and HVO combustion at T = 1000 ◦C: (a) Droplet size evolution; (b) Sequence of
imagens of burning fuels.

Figure 9a shows that droplet size evolution and lifetime are quite similar for both
fuels. The maximum standard deviation in droplet size evolution curve at T = 1000 ◦C
for Jet A-1 was ±0.06 and for HVO it was ±0.08. Figure 9b shows the sequences of
instantaneous images of burning droplets at 1000 ◦C of the pure HVO and Jet A-1. At
T = 1000 ◦C, the droplet size reduces when the time increases, as observed for T = 800 ◦C,
and Jet A-1 presents the brighter flame. According to the literature, a reduction in pollutant
emissions is reported when HVO is used. It also reported a behavior not so different from
Jet A-1 and HVO [49,51–53]. Figure 10 shows the droplet velocity at a different furnace
temperature, (a) T = 800 ◦C and (b) 1000 ◦C. Firstly, the droplet velocity was determined
by the centroid position for two sequential frames divided by the time between the two
frames. Afterwards, it employed a polynomial function to the experimental data points in
order to obtain velocity curves for both pure fuels in the two furnace temperatures. At the
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early stages, where D2/D2
0 is between 1.0 and 0.7, HVO droplet velocity is slightly higher

than Jet A-1, however, as the droplet diameter is reducing the velocity tendency is quite
similar, regardless of furnace temperature. The maximum standard deviation in droplet
velocity at T = 800 ◦C was ±0.2 m/s and at T = 1000 ◦C was ±0.1 m/s.

a) b)

Figure 10. Droplet velocity as a function of the normalized droplet diameter at (a) T = 800 ◦C;
(b) 1000 ◦C.

Studies involving droplet evaporation and combustion are a pre-requisite for im-
proving comprehension regarding spray combustion, an essential phenomenon in several
applications such as gas turbines and diesel engines. In this context, evaluating the droplet
size evolution allows investigating how fast the liquid evaporates, which can be defined
as burning rate. This characteristic is relevant to perceive the performance of the fuel in
engine operating conditions. Figure 11 shows the burning rate for Jet A-1 and HVO at
(a) T = 800 ◦C and (b) T = 1000 ◦C. The horizontal lines correspond to the final burning rate,
considering the entire droplet lifetime. Red and black lines are related to the Jet A-1 and
HVO, respectively. In this context, the burning rate is determined through K = −d(D2)/dt.
At T = 800 ◦C, Jet A-1 has a higher burning rate (1.51 mm2/s) compared to pure HVO
(1.41 mm2/s). Increasing the furnace temperature increases the final burning rate, and it
has noted proximity in these values for the pure fuels, as shown in Figure 11b. Regarding
the temporal evolution of the burning rate, the results demonstrate that liquid fuel is evap-
orating without any significant disturbance, leading to an approximate constant burning
rate value, regardless of furnace temperature.

b)a)

Figure 11. Temporal evolution of burning rate and final burning rate for the Jet A-1 and pure HVO at
(a) T = 800 ◦C and (b) T = 1000 ◦C.
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3.2. The Addition of Particles to an Alternative Jet Fuel

The previous section described the combustion of pure HVO and Jet A-1. It was
noticed that HVO provides satisfactory results; however, it is important to introduce
biofuels in aero-engines to achieve a sustainable world. Thus, aluminum particles were
added to the biofuel to enhance its performance, potentially decreasing fuel volume usage
and increasing fleet-wide energy efficiency. To understand how different particle sizes affect
the combustion of HVO, this work will provide visualization and a detailed description
in terms of droplet size evolution and burning rate of alternative jet fuel with nano- and
micron-sized particles.

Figure 12 shows the sequences of instantaneous images of burning droplets at different
instants and furnace temperatures. The sequence of images shows that the droplet diameter
is reducing as time evolves. The droplet flame has lower intensity due to the lack of
aromatics content in HVO. In addition, increasing the furnace temperature increases the
flame intensity, regardless of particle size. For the two furnace temperatures and particle
sizes, micro-explosion appears due to the presence of particles in the biofuel. Thus, in these
experiments, the probability of a micro-explosion outcome is 100% at this specific particle
concentration for nano- and micron-sized particles. The appearance of micro-explosions as
a consequence of adding particles to a liquid fuel was reported in several studies [22,23].
Most studies involving nanofuels or micron-sized particles stably suspended in a liquid
fuel are developed in a fiber suspension technique [20,54,55]. This experimental method
can act as a nucleating surface, promoting a heterogeneous boiling related to a certain
low degree of superheat. Consequently, a continuous bubble formation potentially leads
to a disruptive burning phenomenon [20]. Thus, the present work confirms that without
using the suspended droplet method, disruptive burning phenomena can be detected due
to the addition of particles. Guerieri et al. [56] developed a study using a falling droplet
method, using aluminum additive and observed explosive events. Disruptive burning
phenomena are characterized by two outcomes: puffing and micro-explosion. Prior to the
micro-explosion occurrence, puffing is noticed. The micro-explosions correspond to the
disintegration of the primary droplet, while on the other hand, puffing in most studies
involving emulsions is defined as the release of volatile components [17,41]. After the
droplet enters the quartz tube, the liquid fuel begins to be consumed. As the fuel liquid is
evaporating, a considerable amount of particles remain inside the droplet since no obvious
particle expulsion was observed during most of the droplet lifetime.

Due to this, the particle concentration increases preferentially at the droplet surface
caused by the exchange of heat and mass transfer [49]. Subsequently, particle agglomeration
can hinder vaporization, leading to the local hot spots. These hot spots induce biofuel
vapor nucleation, leading to a micro-explosion and ejection of intense bright spots in
several directions [57]. As time evolves, the solid phase becomes predominant within
the droplet. Accordingly, disruptive burning phenomena are interesting in this novel
class of fuels to induce secondary atomization. Liquid and solid phases will be dispersed,
enhancing fuel/air mixture, reducing the droplet lifetime, and improving combustion
efficiency [17,41]. Besides the fact that both particle sizes display micro-explosions, HVO +
nano-sized particles seem to disperse better than micron-sized particles, however the latter
possesses micro-explosions with a higher intensity which can be related to the particle
agglomeration. Gan and Qiao [22] reported that micron suspension forms a densely
packed, impermeable shell and nanosuspension a porous, more-uniformly distributed
spherical aggregate that affects droplet evaporation and combustion. However, more
studies focusing on particle agglomeration during droplet combustion should be performed
to fully understand how it can affect these events. After the micro-explosion, particle
agglomerates are dispersed in the quartz tube environment and are projected from the
explosion region and burn. The aluminum combustion characterizes this final event.
The residue derived from this final event is violently projected away, ending up ascending as
the smoke tail, also reported by [49]. However, due to limitations on the experimental setup,
the combustion residue was not collected. Figure 13 shows micro-explosion appearance
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at T = 1000 ◦C for HVO + 40 nm (0.5 wt.%) and HVO + 5 µm (0.5 wt.%). This sequence
of images was acquired at 3200 fps in order to enhance the outcome visualization and
understanding of phenomenon explanation.

Figure 12. Sequences of instantaneous images of burning droplets HVO + Al particles.



Fuels 2022, 3 199

tM-E t1
t2 t3

t4

HVO + 40 nm 

(0.5 wt.%)

HVO + 

(0.5 wt.%)

5 µm 

Figure 13. Micro-explosion for HVO + 40 nm (0.5 wt.%) and HVO + 5 µm (0.5 wt.%).

Figure 14 shows the normalized droplet diameter as a function of the normalized time
for HVO + Al particle at (a) T = 800 ◦C and (b) T = 1000 ◦C. The droplet size evolution of
HVO with aluminum particles differs from pure HVO. Pure HVO presents a steady burning,
however HVO + Al presents a dry-out phase, where the droplet diameter does not reduce
linearly with time. A previous study [49] reported that nanofuels display a dry-out phase
at the end of the droplet lifetime, where micro-explosion occurs. A reduction of the burning
rate identifies this phase. Figure 14a shows that the addition of nanoparticles can produce
a steeper droplet size regression curve compared with pure HVO. Otherwise, micron size
does not produce this effect. The droplet size evolution is closer to the HVO, indicating a
lower burning rate, as will be addressed in the following results. The same observation
occurs at the highest temperature, displayed in Figure 14b. The end of the droplet size
evolution curves was not possible to determine experimentally due to the very small size of
the droplet, thus it provided an estimation where micro-explosions appear by the number
of frames until this phenomenon occurs. The reduction of the evaporation rate begins
early in the higher temperature, in other words, the curvature of the normalized droplet
diameter is more evident, e.g., in nanofuel, as shown in Figure 14b. The results also show
that micro-explosions, which are marked in Figure 14, occur later for micron-sized particles
suspended in HVO. The horizontal black line represented in Figure 14a,b corresponds
to the instant t/D2

0 = 0.35 s/mm2 which is important to evaluate burning rate, as will be
discussed later. The later appearance of micro-explosions in micron-sized particles can
be related to findings reported in [18]. The authors stated that increasing the particle size
increases the time to disruption. Additionally, the inter-particle distance increases and
decreases the surface area, which can delay the micro-explosion and be responsible for the
droplet size evolution difference compared with nanoparticles.

Figure 14. Square of the normalized droplet diameter as a function of the normalized time at
(a) T = 800 ◦C and (b) T = 1000 ◦C.



Fuels 2022, 3 200

Besides the fact that nano and micron-sized particles in HVO produce quite a dif-
ferent combustion behavior, in some operating conditions they enhance the burning rate.
Figure 15 shows the temporal evolution of the burning rate for HVO + 40 nm (0.5 wt.%) and
HVO + 5 µm (0.5 wt.%) at two furnace temperatures. At T = 800 ◦C, HVO + Al presents a
few oscillations in the temporal evolution of burning rate, as shown in Figure 15a. This fact
can be compared with pure HVO, which presents a more constant temporal evolution of the
burning rate. However, the burning rate values are considerably higher in the early stages,
HVO + 40 nm (0.5 wt.%) being the fuel with the highest values. Increasing the furnace tem-
perature significantly increases the burning rate, as shown in Figure 15b. At T = 1000 ◦C,
in the initial instants, the burning rate is substantially high. However, as time evolves,
a significant reduction is noticed. This reduction is due to the high evaporation of liquid
fuel that accumulates particles inside the droplet.

a) b)

Figure 15. Temporal evolution of burning rate at (a) T = 800 ◦C and (b) T = 1000 ◦C.

The enhancement of the burning rate can be attributed to the radiation absorp-
tion [28,29]. The pure HVO is a transparent fuel, however when aluminum particles
are added to the biofuel, they can behave approximately as a black body which conse-
quently affects the radiation absorption. In addition, a parameter that can also influence
the effectiveness of particles is thermal conductivity, as reported by [58,59]. Further studies
covering experimental data on thermal conductivity and radiation absorption in liquid
fuel with particles should be performed in order to evaluate and quantify how these
influence combustion.

Figure 16 shows the burning rate of pure HVO and HVO + Al particles at two furnace
temperatures (T = 800 ◦C and T = 1000 ◦C). A previously mentioned reduction of burning
rate in T = 800 ◦C and T = 1000 ◦C during the final stage of the droplet’s lifetime affect the
fuel combustion in a distinct way.

Allied to this, disruptive burning phenomena were spotted in HVO + Al particles.
Thus, to provide comparison results, the data between the furnace temperature and the
fuels were acquired until t/D2

0 = 0.35 s/mm2. Pure HVO has the lowest burning rate,
regardless of the furnace temperature. However, the addition of micron-sized particles
does not significantly enhance the burning rate compared to the pure HVO. In this way,
the most satisfactory results were achieved with the addition of nanoparticles. Consid-
ering until t/D2

0 = 0.35 s/mm2, an enhancement of approximately 24% was noticed for
HVO + 40 nm (0.5 wt.%) in comparison with pure HVO at T = 1000 ◦C. Moreover, in-
creasing the furnace temperature increases the burning rate for all the fuels tested in
this investigation.
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Figure 16. Burning rate for pure HVO and HVO + Al particles at T = 800 ◦C and T = 1000 ◦C.

4. Conclusions

The present work evaluates the combustion of Jet A-1, HVO, and HVO with aluminum
particles. This experimental study provides insights regarding the combustion characteris-
tics of the fuels in a falling droplet method under high furnace temperatures. In addition, it
provides a comparison between conventional jet fuel and an aviation alternative fuel and
the effect of aluminum particle size in the biofuel. The main conclusions from this work
can be summarized as follows:

• Jet A-1 and HVO follow the D2 law, and no disruptive burning event was detected.
However, the difference in the flame intensity was noticed, being the Jet A-1, the fuel
with brighter flames, due to the aromatic content in its composition.

• The addition of aluminum particles to the HVO promotes the occurrence of disruptive
burning phenomena. Thus, micro-explosions pronounce the end of the droplet lifetime
for HVO + Al particles, inducing secondary atomization.

• Higher furnace temperature leads to a higher burning rate for all fuels. Finally,
considering the particle size range used in this work, the most encouraging results
were obtained for HVO + 40 nm (0.5 wt.%), presenting the higher burning rate and
lower lifetime.
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Appendix A.

Appendix A.1. Particles Images

Figure A1. Particle images: (a) 40 nm and (b) 5 µm.
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Appendix A.2. Experimental Setup

Figure A2. Experimental setup (side view).
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Figure A3. Experimental setup (front view).
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