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Abstract

This study investigates an iron particle in liquid fuel combustion technology with liquid
fuel as an anti-oxidization agent for the iron fuel particles, which has the advantage of
easy combustion and nonoxidative iron particle storage. These slurry like iron particles
in liquid fuel can be ideal for furnaces and boilers. Micron and nano-sized iron particles,
concentrated at a 30% mass fraction, demonstrate enhanced reductions in total
combustion time and increased micro-explosion intensity. The study observes that
suspensions of micron-sized particles progress through preheating, ignition, stable
combustion, and intense micro-explosion. In contrast, a dense colloidal suspension of
iron nanoparticles in diesel fuel undergoes preheating, classical combustion, bubble
growth with low-intensity secondary atomization, and the combustion of agglomerated
nanoparticles, resulting in a glowing solid residue. A hybrid dense colloidal formulation

incorporating micron and nano suspensions at a combined mass fraction of 30% was
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introduced to prevent particle agglomeration and achieve faster micro-explosions. This
formulation leads to a significant 83% reduction in total combustion time. The
distinctive behavior is attributed to iron nanoparticles’ higher specific surface area,
leveraging diesel's nucleation and bubble growth for mid-intensity puffing within the
droplet. Nucleation metastability intensifies superheating values, leading to internal
pressure in the bubble grown via homogeneous nucleation and culminating in intense
puffing, followed by a micro-explosion. This cascade effect highlights the potential of
iron particles as a clean source with high energy density, providing novel insights for
practical industrial applications. The observed micro-explosion intensity underscores
the promise of this innovative approach, paving the way for advancements in cleaner
and more efficient iron particle slurry combustion technology.

Keywords: Droplet Combustion; Iron Particles in Liquid Fuel; Total Combustion Time;

Micro-explosion; Nonoxidative Storage
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1. Introduction

The urgent transition from overreliance on fossil fuels to sustainable, renewable energy
sources is a pivotal challenge in advancing new fuel and combustion technologies.
Recent research has highlighted metallic elements, particularly iron and boron, as
potential candidates for green power generation [1-3]. Among these, iron has been
identified as a leading contender, with micron-sized iron powder proposed as an
innovative renewable energy carrier [4]. Significant efforts have been directed toward
studying nano and micron-sized iron particles (under 10 um) for power generation
applications, with the goal of reducing emissions and enhancing industrial energy
efficiency [5,6]. Research into the combustion and ignition characteristics of single iron
particles has expanded our understanding of these processes, utilizing various
experimental approaches. For example, Shuai Zhang et al. [7] determined that
calcination temperature is the most influential factor affecting the reactivity of natural
iron ore in chemical looping combustion, with optimal conditions identified as a 15
°C/min heating rate, 1050 °C temperature, and 60 minutes of calcination for stable
performance. Meanwhile, Li et al. [8] established that particle size plays a crucial role
in determining ignition delay, burning time, and total combustion duration, particularly
for particles exceeding 40 um, independent of oxygen concentration. Furthermore,
Yuan Yao et al. [9] explored powdered iron combustion as a circular energy carrier,
observing spectral emissivities between 0.18 and 0.46 and temperatures ranging from
2300 K to 2800 K, influenced by oxygen concentration and particle density. Ning et al.
[10] introduced refined techniques for analyzing single metal particle combustion,
emphasizing a two-stage combustion process that is sensitive to oxygen levels and
providing detailed burn time measurements for iron particles. Additionally, P4l Téth et

al. [11] revealed that pulverized sponge iron (PSI), combusted in a McKenna flat flame
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burner, primarily undergoes heterogeneous combustion, forming solid oxides and an
unexpected microflame on the particle surface, with high-magnification shadowgraphy
capturing near-instantaneous melting. In another study, Junlei Sun et al. [12] employed
ReaxFF molecular dynamics simulations to investigate the thermal properties of bulk
iron and Fe nanoparticles, concluding that while defects (0%-10%) in nanoparticles
raise system energy near melting points, they do not alter the melting temperature.
Recent studies focusing on micrometric iron particle combustion (38—53 um) under
varying oxygen levels found that while particle size minimally impacts peak
temperature, it significantly influences burnout duration, with oxygen concentration
notably affecting both peak temperature and burnout time, especially beyond 50%
oxygen concentration [13]. Moreover, WANG Jin-yun et al. [14] underscored the
substantial energy density and future potential of nano iron powder as a transportation
fuel, achieving a specific impulse of 3500 Nes/kg. Although the combustion of solid
iron particles is relatively straightforward, long-term storage poses a challenge due to
the oxidation susceptibility of iron, particularly in the presence of moisture. For nano
iron particles, their reactivity in the atmosphere is significantly high. Even a slight
increase in temperature or minimal friction can cause ignition. This highlights the need
for an effective storage technique to prevent these particles from coming into direct
contact with air. Hydrocarbon liquid fuels like diesel, with their hydrophobic and non-
polar nature, could serve as an effective anti-oxidation medium, similar to how alkali
metals such as potassium are stored in kerosene to prevent oxidation. Blending iron
particles with liquid fuel may facilitate both easy combustion and non-oxidative
storage. Experimental studies have shown that incorporating metallic particles as a
colloidal suspension, with particle sizes ranging from nano to micro-scale, enhances

combustion characteristics such as burning and evaporation rates, total combustion
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time, micro-explosion intensity, and ignition delay. Adhes Gamayel et al. [15] reviewed
advances in single droplet combustion for fuel characterization, emphasizing key
experimental methods and proposing future research directions in this evolving field.
A.M.-D. Faik et al. [16] utilized high-speed imaging to examine liquid-phase dynamics
during multicomponent fuel droplet combustion, focusing on phenomena such as
nucleation, bubble formation, and secondary atomization, and comparing the burning
rates of parent droplets with their sub-droplets, noting significant combustion-induced
changes in droplet geometry. Additionally, secondary nanoparticle contamination, such
as from soot particles, has been found to impact burning characteristics [17,18].
Srinibas Karmakar et al. [19] demonstrated that nanofuel droplets containing
amorphous boron exhibit smoother combustion with minor puffing and form porous
shells, whereas crystalline boron leads to intense micro-explosions and dense,
impermeable shells, with amorphous boron showing superior combustion performance.
Aboalhamayie et al. [20] explored the impact of various carbon-based nanoparticles on
the evaporation rate of jet fuel droplets. Gan et al. [21,22] conducted experimental
studies on droplets containing nano and micron-sized aluminum particles, revealing
nuanced, size-dependent burning behaviors influenced by surface functionalization and
surfactants. Nano iron particles have also been observed to reduce soot and unburned
hydrocarbon emissions in diesel engines [23]. Most previous research has primarily
focused on the effects of micro and nano particles on liquid combustion at very low
concentrations or on the combustion of single iron particles, rather than on the use of
iron particles as a primary fuel at concentrations exceeding 25%. While high
concentrations of iron particles could have detrimental effects in internal combustion
engines due to their mechanical components, they should not pose a problem for

combustion devices such as furnaces and boilers. A slurry of iron particles and liquid
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fuels could be ideal for combustion and non-oxidative storage. Diesel fuel, primarily
composed of aliphatic and aromatic hydrocarbons, acts as a non-polar and hydrophobic
solvent, which prevents water absorption and engine complications while maintaining
high-energy density, a crucial factor for various applications. This study aims to
investigate the combustion mechanism of iron particles in liquid fuel combustion
technology for devices such as furnaces and boilers, leveraging their potential for long-
term non-oxidative iron particle storage. Addressing the oxidation susceptibility of iron
particles is critical to establishing them as a viable carbon-free fuel source, a concern
that has received minimal attention in the combustion community. In this investigation,
the combustion of high-concentration colloidal suspensions of micro and nano-sized
iron particles in diesel fuel was experimentally studied. A novel hybrid mixture of equal
amounts of micron-sized and nano-sized iron particles was developed, demonstrating a
significantly reduced combustion time and higher micro-explosion intensity. Aside
from providing a medium to incorporate iron combustion into existing systems, diesel
fuel can prevent the oxidation of iron particles during long-term storage. The
deployment of suspended droplets onto a SiC fiber, facilitated by a meticulously
designed apparatus with high-speed photography and backlighting, provided
comprehensive insights into combustion dynamics, examining key parameters such as
burning rate, total combustion time, micro-explosion phenomena, and underlying

mechanisms.

2. Materials and sample preparation technique

The current study centers around two distinct types of iron particles: 40 nm particles,
denoted as Fe-nm (Nanostructured and Amorphous Materials Inc., Product ID
0262HW), and 10 micro-scale particles, denoted as Fe-um (Merck Life Science UK

Limited, Product ID 1038190500), as shown in Figure 1. The physical characteristics
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of each particle are also summarized in Table 1. Small scale iron particles are highly
reactive in air and should be handled carefully. As such, the principal objective of this
research is to use diesel fuel as a non-oxidative storage environment for iron particles

and to assess the influence of this encapsulation on the droplet combustion

characteristics.
Table 1. Physical properties of iron particles.
Particle Type Fe-um Fe-nm
Size (um & nm) 10 40
True Density (g/cm?) 7.86 7.86
Purity% 99.9 99.9
Color Gray Black

To prepare fuel samples, iron particles were weighed and manually mixed in the base
fuel. It is worth mentioning that the use of a magnetic mixer was avoided as the
magnetic field generated by the mixer will aggregate particles around its magnetized
regions. Contrary to the normal practice in preparing colloidal suspension, using
surfactant was omitted from this protocol. The rationale behind this decision stemmed
from the realization that surfactants introduce effects divergent from combustion
dynamics. It is worth highlighting that the presence of excessive surfactant induces the
formation of undesirable macromolecules, characterized by long-chain molecular
structures, in the solution, a phenomenon recognized as depletion stabilization [22,24].
To disperse particles in the base fuel, the mixture was treated in a sonication bath for a
duration of 45 minutes. The stability of prepared samples was checked visually and it

was determined that suspensions of Fe-nm, Fe-um, and hybrid particles are stable for
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20, 3, and 5 minutes after sonication, respectively. As such, the samples always

remained in the sonication bath until seconds before conducting each experiment.

Fig. 1. SEM images of 10 pm iron particle (left) and 40 nm iron particles (right) [25]

3. Experimental methodology

The experimental apparatus was meticulously engineered to investigate the combustion
behavior and the effects of morphological characteristics of iron particles. The system
comprised several key components: a 3D-printed fiber support holder, a custom-
designed heating element, a robotic arm gripper, a power supply, a backlighting system,
a linear actuator for precise linear motion, and an integrated electronic circuit for system
control. As illustrated in Figure 2, the experimental framework was designed to
generate fuel droplets using a microsyringe, which were then deposited on a 100-
micrometer SiC fiber. The fiber support holder, securely fixed and connected to the first
linear actuator, was integrated with a pulse-width modulation (PWM) unit, enabling
precise positioning of the heating element beneath the droplet and ensuring optimal
alignment for high-speed camera capture. Furthermore, a second linear actuator was
centrally positioned on the 3D-printed base frame, also controlled by a PWM module,

to facilitate accurate positive and negative horizontal movements. An articulated
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robotic gripper arm, equipped with a high-precision servo motor, was mounted atop the
linear motion generator. This gripper arm featured a gripping mechanism with a
divergence of 45 degrees and a convergence of -45 degrees, specifically designed to
accommodate the heating elements. The heating elements were composed of a
resistance wire, a ceramic insulator, a terminal block, and a 3D-printed support holder,
as depicted in Figure 2(B). A bespoke heating element was strategically incorporated
into the system and interfaced with an electronic circuit, playing a crucial role in
providing precise temporal control of heating intervals and the corresponding energy
input necessary to ignite the droplet. The heating element wire had a nominal diameter
of 0.127 mm and an extended length of 40.15 mm, with an arched roller configuration
featuring a 4 mm diameter. The ignitor heating element, shaped into a circular loop,
emitting a striking red glow when activated. To capture the dynamic combustion
process, a high-speed camera (Photron-SA4) was seamlessly integrated into the system,
operating at a frame rate of 2000 frames per second, supported by electronic circuitry
and a specialized backlighting system The camera was equipped with a Laowa 100mm
2.8 2X Ultra Macro lens to enhance clarity and resolution. A critical aspect of the
experimental design was the precise manipulation of the distance between the droplet
and the heating elements, which was adjusted in 2 to 3 mm intervals depending on the
combustion response, as shown in Figure 2(A)(1). The synchronized system initiated
the heating process by triggering the high-speed camera and activating the heating
element to ignite the droplet, as depicted in Figure 2(B)(2). After 500 ms, the custom-
designed heating element, attached to the robotic arm, diverged at -45 degrees, as
represented in Figure 2(B)(3). The recording process then ceased, and the system
returned to its original position, ready for subsequent experiments. Image processing

and analysis were conducted using NASA Spotlight [26, 27] to eliminate any



201

202

203

204

205

206

207

208

209

210

211

212

213

214

interference from the fiber within the field of view, ensuring precise and clear

documentation of the combustion events. The novelty of this system lies in its ability

to precisely control and capture the combustion dynamics of fuel droplets.
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Fig. 2. Experimental setup for dense droplet combustion; (A) Fiber support holder
configuration (B) Heating custom design and controlled system mobility

4, Results

The burning rate of a droplet can be evaluated using the classical d?-law of droplet

combustion as expressed by Equation (1). Here, d, d,, ¢, and k are instantaneous and

initial droplet diameters, time, and droplet combustion rate, respectively. In order to

determine the burning rate from the experimental data, the time variation of the squared

diameter during combustion was plotted against time, as shown in Figure 3, and the

slope of the resulting diagram was considered as the burning rate.

)

10

oY)




215

216
217

218

219

220

221

222

223

224

225

226

227

228

229

230

@ 14 @ e 30% Fe nm particles in Diesel
14 4
12 '0" o | |
1 - [
% [ &) oo
a3’ os dj -
BT q 04 1 @
05 T gk i an/ 02 T
0 : : 1 — 0 . ; : ‘ . ;
n 1 2 ) 2 5 8 0 1 2 3 a 5 6 7
t t
(d—%) (sec/mm?) (d—g) (sec/mm?)
9
@ g | 30% Fe-ym particles in diesel @ 1.: | 30% Fe-um particles+30% Fe-nm in Diesel
7 ol 4 16 1
6 - ‘ 14 1 i
= e w ¢
&) | T &) 1 T
di ’ i 08 |
3/ = 06 1 |
2 4 04 f— ¥ /
1 — L 02 @D
0 Q : r@ : L 0 : : : . @ Ll
1 2 3 s 5 0 0s 1 15 2 25 3
t t
(d_%) (sec/mm?) (d—%) (sec/mm?)

Fig. 3. Evolution of normalized droplet diameter square for a) neat diesel fuel; b) 30%
Fe-nm particles in diesel fuel; ¢) 30% Fe-um particles in diesel; d) 30% hybrid (equal
amounts of Fe-uym and Fe-nm) in diesel fuel.

Figure 3 illustrates the evolution of squared diameter in four different cases, including
(a) neat diesel fuel, (b) 30% (by weight) Fe-nm in diesel fuel, (c) 30% Fe-um, and (d)
30% of hybrid particles (equal amount of both Fe-nm and Fe-um) in diesel fuel. For
each case, up to four stages with distinct characteristics were observed and identified

in the diagrams shown in Figure 1.

In the case of neat diesel fuel (a), the combustion process initiates with preheating in
Stage 1, followed by ignition. Stage 2 follows the classical d>-law, during which an
average burning rate of 0.34 mm?/s was found. The heterogeneous nature of diesel fuel,
with its diverse chemical substances and varying boiling points, leads to frequent
nucleation, swelling, and puffing. Four discernible stages emerge upon adding 30% of
Fe-nm particles to diesel fuel. Like neat diesel fuel, the process begins with pre-ignition
heating, resulting in thermal expansion, as shown by Stage 1 in Figure 3b. Stage 2

11
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begins with ignition and is followed by the d>-law. Subsequently, combustion is
accompanied by strong nucleation and swelling in Stage 3, followed by a micro-
explosion leading to the burst of remaining liquid into the flame zone. Finally, in Stage
4, the solid combustion of Fe-nm particles left as a residue on the fiber was observed in
a glow. The isolated residue combustion suggests a rate of particle agglomeration higher
than that of droplet surface regression [28]. The average burning rate in Stages 2 and 3
was calculated to be 0.36 mm?/s, showing a slight increase of only 3% compared to the
neat diesel fuel. Previous studies, such as the works of Tanvir et al. [29, 30], have
suggested that the nanoparticles can help in absorbing more radiation energy from the
flame zone. In addition, such colloids typically have lower optical transmissivity than
the base fuel. Higher radiation absorption, lower transmissivity, and enhanced energy
transfer within the droplet due to enhanced thermal conductivity can lead to higher
droplet evaporation and combustion. However, solid nanoparticles and their aggregates
can also suppress the diffusion of more volatile species to the droplet surface, where
evaporation and combustion occur. Therefore, at higher concentrations, such as the 30%
particle loading in this study, the positive and negative effects cancel each other, leading
to no significant enhancement in the burning rate.

Case (c), involving droplets of 30% Fe-um in diesel fuel suspensions, shows only two
stages and undergoes a shorter duration. Initially, the droplet goes through heating and
thermal expansion, ending in ignition. However, the droplet lifetime after the ignition,
is relatively short and ends with an intense micro-explosion generating very fine
droplets. To examine the combustion characteristics of hybrid suspension in Case (d),
equal amounts of 30% Fe-nm and 30% Fe-um suspensions were mixed such that the
prepared sample included 15% (by weight) of each particle type. Notably, the analysis

showed two stages similar to those previously seen for suspension of Fe-um, except
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that the micro-explosion in Case (d) is stronger and occurs in a shorter period of time
after the ignition. The intense micro-explosion can be attributed solely to Fe-um
particles, as it was not observed when only Fe-nm were added. This underscores the
hybrid addition of micronized materials as an effective strategy for expediting
combustion, enhancing the micro-explosion, and achieving a shorter combustion time.
Further elaboration on steady combustion values, combustion time, and micro-
explosion intensity will be presented in the subsequent section.

4.1. Total time of combustion

Figure 4 presents the average combustion time as a function of particle concentration.
In this study, combustion time is defined as the period between the appearance and
extinction of the flame in each experiment. Hence, the droplet burning time is
influenced by the combustion rate and the loss of mass during puffing and micro-
explosion events. The data in Figure 4 exhibits a significant drop in droplet burning
time as soon as iron particles, whether nano or micronized materials, are added. For the
colloids of Fe-nm, the 33% reduction can be attributed to increased burning rate and
mass loss during puffing events. On the other hand, the 58% and 83% reduction in
burning time for the colloids of Fe-um and hybrid particles, respectively, can only be
considered to be due to mass loss as the combustion ends immediately after the micro-

explosion.
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Fig. 4. Droplet burning time trends of different fuel droplets. Each data point indicates
an average of five iterations. The error bars show the related standard deviation.

4.2. Micro-explosion intensity and responsible mechanisms
Micro-explosion intensity, as defined in previous studies, pertains to the frequency of
multiple puffing events during the lifetime of the droplet. Accordingly, Singh et al. [31]
characterized intensity as the frequency of the cycles defined by the rapid spikes and
dips during puffing events, such as those seen in Stage 3 of Figure 3b. The micro-
explosions observed in the combustion of Fe-um and hybrid colloids include only one
swelling event (spike) and end with the dissociation of the droplet into fine micro-
droplets (i.e., no dips). Therefore, the intensity / is defined as the change in (d/do)* from
the time swelling begins (point a) to the moment explosion occurs (point b), as shown
in Figure 5 and expressed by Equation 2.
d\* (d)’
@),-@))

[tb - ta]

14
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Fig. 6. Mechanism configuration represents the combustion process and intensity of
micro explosion occurrences in 30% hybrid Fe-um and Fe-nm in diesel fuel

The average intensity of micro explosion based on a minimum of five experiments was
found to be 5300 sec™! for colloids of 30% Fe-um particles and 7300 sec™! for colloids
of 30% hybrid particles. There is a multitude of mechanisms to explain micro-explosion

in multicomponent fuels. Still, the accumulation of particles near the surface in high
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concentration colloids is believed to be the primary mechanism responsible for an
intense micro-explosion as shown in Figure 6: Firstly, the accumulation of iron particles
with less volatility and higher boiling points near the droplet surface instigates an
elevation in the droplet temperature, effectively reaching a value beyond the boiling
point of the base fuel. In contrast, the droplet core exhibits a heightened concentration
of more volatile components characterized with lower boiling points. Consequently, the
volatile constituents within the droplet interior have the potential to surpass local
boiling points, resulting in the accumulation of a substantial degree of superheat. This
phenomenon may culminate in the initiation of homogeneous nucleation, as represented
by Figure 6-(2) and 6-(3), and characterized by an exceedingly rapid gasification rate,
leading to an intense internal pressure surge and ultimately resulting in the catastrophic
fragmentation of the droplet [32].

The particle accumulation also forms a porous shell that traps the more volatile base
fuel. As the base fuel and fuel vapor travel to the droplet surface, they face resistance
from the shell; hence, pressure builds up. Finally, the pressure reaches such high values
that the shell cannot tolerate it, and therefore, a strong microexplosion happens. To
better understand the mechanism responsible for different intensities of micro-
explosion in Fe-um and hybrid colloids, it is crucial to analyze the particle shell and
their morphologies. To obtain samples of particle aggerates without combustion, the
distance from the heating element to the droplet and its temperature was adjusted so
that the droplet ran out of base fuel relatively quickly and without triggering any
ignition. Finally, the residues that remained on the fiber were collected and studied
using a Hitachi TM3030 Tabletop Scanning Electron Microscope, where the images are
shown in Figures 7a to 7d. Figures 7a and 7b display Fe-um agglomerate formed by a

packed particle system. In a combustion case, the droplet surface regression from the
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flame side and bubble formation from the droplet inside push the particles closer to the
surface to form a porous shell. As the particles pack into each other, the shell becomes
less permeable until it shatters due to the immense internal pressure. However, in the
case of hybrid colloids where Fe-nm particles are present, a thinner shell of Fe-nm is
formed on top of the inner Fe-um. As was previously stated, nanosized particles are
more effective in absorbing thermal radiation, and their presence near the droplet’s
surface leads to higher energy transfer to the droplet. The enhanced energy absorption
can explain the shorter time between ignition and micro-explosion in hybrid colloids.
In addition, Fe-nm particles can fill the void between the Fe-um particles and form a
sheet at the surface, making the shell even more impermeable than the shell formed in
a Fe-um colloid. Thus, a more intense micro-explosion follows. While the droplet
surface regression and inner bubble growth are the dominating forces leading to the
formation of a shell in colloids of microparticles, the random Brownian motion is
primary transport mechanism responsible for particle aggregation when only
nanoparticles are present [22]. Therefore, a more porous and homogeneous agglomerate
is formed in Fe-nm colloids due to faster particle diffusion. The higher porosity level
then allows the base fuel and fuel vapor to transport toward the surface, leading to
several weak puffing events rather than an intense micro-explosion. Collecting post-
combustion samples is challenging as the very strong microexplosion completely
scatters particles. However, other studies such as the work of Baigmohammadi et al.
[33] have suggested that Fe particles will convert into Fe oxide in a combusting

environment but can be later reduced to Fe through a series of recycling processes.
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Fig. 7. SEM images of particles agglomerates for (a -b) 30% Fe-um in diesel fuel and
(c-d) 30% hybrid Fe-um and Fe-nm in diesel fuel.

5. Conclusions

Iron micro- and nanoparticles were investigated as a viable high-energy, carbon-free
candidate for combustion systems. Due to their high oxidation rate and reactivity, high
concentration colloidal suspensions of iron particles in diesel fuel were considered for
a droplet combustion study. 30% concentrations of two types of iron particles, 10 pm,
and 40 nm, and their uniform mixture (hybrid) were suspended in diesel fuel without

adding surfactant. The major conclusions of this study are as follows:

e The combustion of iron particles in diesel fuel can be characterized by several
discernible stages; all three suspensions went through a thermal expansion before
ignition, but only in suspensions of nanoparticles in diesel fuel the combustion did
follow the d>-law of combustion with several swelling and puffing events and ended
with an isolated event of solid particle combustion. A single intense micro-

explosion ended the combustion of microparticles and hybrid particle suspensions.
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The droplet burning rate for suspension of nanoparticles in diesel fuel was found to
be similar to that of diesel fuel. While nanoparticles can enhance energy transfer
from the flame zone to the droplet, leading to a higher burning rate, their high
concentration can suppress the transport of the base fuel to the surface. Yet, the
mass loss due to frequent puffing events results in secondary atomization, reducing
combustion time overall. As soon as microparticles are added, a strong micro-
explosion follows almost immediately after ignition, leading to the complete
breakdown of the droplet and dispersion of iron particles into the flame zone. For
the hybrid scenario, the microexplosion occurred in a shorter period after ignition
and was more intense than the suspensions of microparticles. The intense
microexplosion and shortened combustion time offer diesel fuel as both a safe
storage environment and also an effective mode for the fast combustion of iron
particles.

Post-evaporation particle agglomerates for suspensions of micro- and hybrid parties
were analyzed using SEM microscopy. A comparison between SEM images
revealed a thin nanoparticle shell formed around a microparticle after a hybrid
droplet's evaporation. The high concentration of nanoparticles near the droplet
surface can enhance heat transfer to the droplet, leading to a faster microexplosion.
Nanoparticles were also observed to have filled the void spaces between
microparticles. As a result, and compared to when only microparticles are present,
higher pressure can build up within the droplet, leading to a stronger micro-
explosion and fragmentation of the droplet and, ultimately, more efficient
combustion of iron particles.

Based on the findings of this study on iron particle combustion in liquid fuels, the

following recommendations are suggested:
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1. Further research should optimize the ratios and concentrations of micron-sized
and nano-sized iron particles in diesel to maximize combustion efficiency and
control micro-explosion intensity.

2. Explore the use of different liquid fuels and environmental conditions (e.g.,
varying oxygen concentrations) to understand their impact on combustion
dynamics and particle behavior.

3. Pilot studies in industrial settings, such as furnaces and boilers, should be
conducted to validate the feasibility and benefits of using iron-diesel slurries for
efficient combustion and nonoxidative storage.
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