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Abstract: This article discusses the atomization of composite liquid fuels. A large group of injectors
is considered. A comparative analysis of the atomization characteristics (droplet sizes and velocities,
jet opening angles) and the influence of the fuel characteristics (density, viscosity, component compo-
sition) and the process parameters (the ratio of the fuel-air mass flow rates, the features of the jet
formation) has been carried out. Finally, the most effective types of injectors, which provide for the
necessary characteristics of fuel atomization for its combustion, have been determined. The most
favorable conditions for the applicability of each type of atomization have been formulated. Possible
mechanisms of secondary fragmentation of droplets of composite fuels have been analyzed: those
resulting from mutual collisions of droplets in the flux and from the interaction with a solid surface
as well as those resulting from thermal overheating in the presence of a phase boundary or a large
gradient of component volatility. A conclusion is made about the need of using a synergistic effect of
primary and secondary atomization of fuel suspension droplets.

Keywords: composite liquid fuels; spaying; atomization; nozzle devices; injectors; primary and

secondary atomization; collision modes; micro-explosion

1. Introduction
1.1. Relevance of Composite Liquid Fuels

The use of fuel compositions as an alternative to conventional combustible liquids
is receiving more demand for a number of reasons. One of the main reasons is the rapid
depletion of global reserves of oil, gas, and coal along with inexorably increasing power
consumption [1]. Unprecedented planet pollution by the wastes of coal and oil production
as well as industrial plants and various carbon-containing biological wastes poses great
danger [2,3]. Given global energy consumption and the situation with the economy, the
use of the above wastes as fuel composition components appears to be a rather rational
solution. Countries with rapidly growing economies face serious problems related to
high cost of conventional energy resources. The use of natural gas as an energy source is
considered the most environmentally friendly option. However, it incurs high costs, and
its transportation requires pipelines or ad hoc liquefaction plants. The most demanded
power plant fuel is coal due to its relatively low price and simple transportation. However,
it has detrimental effect on the environment [4,5]. The negative impact of coal production
industry is aggravated by the accumulation of menacing amounts of wastes, specifically,
sludge, filter cakes, and intermediate stocks. The scale of the problem is exacerbated by the
fact that the share of coal power plants in world’s leading economies (China, India, USA)
exceeds 50% of total power production, and this share will yet increase in the future.

The main positive aspects of using composite liquid fuels include [6]:

- lower cost as compared with fuel oil or coal in its pure form;
minimal emissions of harmful substances into the air due to complete combustion
of fuel;
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- apossibility to recover a large group of combustible waste as fuel components;
- reduced fire and explosion hazard at power plants due to the presence of water in the
composite fuel composition.

In this regard, the research and development of the applicability of fuel compositions
based on industrial wastes [7-10] and the technologies of direct coal liquefaction [11,12]
have become very active in recent decades. Still, aside from the positive effect, limitations
and disadvantages of composite liquid fuels (CLFs) should be borne in mind. Lower
combustion heat as compared to coal should be taken into account. The combustion tem-
perature of fuel suspensions based on wastes is also lower. Thus, these factors stipulate
high specific rate of fuel consumption required to produce the same amount of energy [6].
Fuel feed lines of CLFs are more prone to corrosion and erosion, since chemically aggres-
sive components are included in the compositions (this applies to water at least). CLF
combustion products also have more profound corrosion impact on heat exchange sur-
faces and smoke removal lines [13,14]. Water—fuel suspensions are characterized by low
stability, which complicates their storage, transportation, and their very combustion. In
order to prevent stratification of composite fuels by their components and to support
rheological properties suitable for the power production industry, specialized surfactants
(i.e., stabilizers) must be introduced into compositions [7,10,15].

1.2. CLF Atomization in the Combustion Chambers of Power Plants

CLF are normally injected into the combustion chambers of power plants using
injectors similar to those used for atomizing conventional liquid fuels. However, due to the
rheological, thermophysical, and chemical characteristics of fuel suspensions, the use of
standard atomization systems poses certain difficulties [6,16,17]. Efficient injection into the
combustion chamber while minimizing clogging phenomena is one of the most important
problems that emerge when using composite liquid fuels [18]. Optimal fuel atomization
parameters facilitate its quick heating and the vaporization of liquid fuel components
as well as the escape of volatile components outside the hard ones. This minimizes the
phenomena of underburning and allows for supporting the required efficiency of the
energy production facility. The minimum droplet size of the polydisperse flux when a
CLF is injected into the combustion chamber is limited by the fineness of the solid phase
of the CLF (if any). However, when the fuel is fed into the combustion chamber, the
maximum possible atomization of droplets is impractical even for compositions that do
not contain solid particles. This is because, when droplets are too small, they may deviate
from the given trajectory inside the heat exchange chamber. The CLF atomization process
is also associated with the problem of rapid clogging of injectors and the corrosion-related
phenomena. Therefore, the development of an optimal fuel injection model is the most
important task in the design and adaptation of power plants for the use of fuel suspensions.

Pneumatic injectors with separate feeding of fuel suspension and atomizing gas are
currently in demand [19-21]. Designs of these injectors may vary. Yet, the common trend is
the need to use high pressure gas, which increases the velocity of the polydisperse flux at
the injector outlet [19].

Mixing fuel and gas directly in the injector body results in a more even distribution of
droplets in the polydisperse flux [22]. Injector designs that implement preliminary mixing
of the liquid and gaseous phases are diverse: they rely on bubbling [18,23], special flow re-
strictors [18,24], as well as multistage mixing [22]. This inevitably complicates the geometry
of the atomizing system, while leading to more intensive pollution of its constituents.

A promising direction for improving systems for fuel suspension supply into combus-
tion chambers is the controlled use of the so-called secondary atomization of droplets. This
approach allows for reducing the overhead of primary atomization while also avoiding
undesirable changes in the trajectory of droplets. These changes may be caused by the
effects of the reversal or entrainment by combustion products and adhesion chamber
walls [25]. There are several secondary atomization mechanisms. Aerodynamic atomiza-
tion means droplet atomization caused by their mutual collisions in the flux [26,27] and
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also by collisions with other objects (chamber walls, special structural elements) [28,29].
The thermal atomization mechanism of droplet disintegration is based on the difference
between the thermophysical properties of droplet components. This type of atomization
can manifest itself when heating inhomogeneous droplets by puffing [30-32] or micro-
explosion [33-37]. Additionally, there are known technologies for the artificial carbonation
of liquid fuels in order to use gas bubbles (for example, CO;) as micro-explosion cen-
ters [38]. However, in order to adequately describe all the features and regularities of
secondary droplet fragmentation (pneumatic, aerodynamic, thermal), it is necessary to
carry out large-scale experimental studies. That is why droplet disintegration mechanisms
in combustion chambers of power plants are used more often as an additional (even a
sideline) method of atomization.

The purpose of this work is to analyze modern solutions for organizing primary and
secondary atomization of prospective composite liquid fuels in the combustion chambers
of power plants.

2. Prospective Components of Composite Liquid Fuels

Since the list of possible CLF components is very extensive and the ratio of their
proportions varies, it is extremely difficult to single out an atomization method to suit
them all. That is why the investigation of the characteristics of polydisperse CLF fluxes is
usually carried out for groups of suspensions that are similar in their compositions and
properties. Most often, fuel suspensions similar in composition are united by their scopes
of application: coal-water (CW) and organic-coal-water suspensions (OCW) are mainly
used in the power production industry. In the transportation sector, compositions based on
conventional fuels in combination with various additives are used. Biofuels can be used in
different CLF variations as energy and motor fuels.

2.1. Coal-Water and Organic-Coal-Water Suspensions

Composite liquid fuels generically include several components to form a homoge-
neous mixture of combustible and non-combustible components, solid and liquid. The
most popular solid combustible components are coals [11-13,39,40] and their derivatives
(sludge, filter cake, middlings, semi-coke) [6,9,41]. Peats, solid carbon-containing industrial
waste (for example, tire pyrolysis residues) [7], and organic components (sawdust, nutshells
and husks, dried algae) [16,17,42—44] can also be successfully utilized in the energy sector
as part of CLFs. The most common liquid combustible components include: waste and base
oils derived from petroleum (motor, turbine, compressor oils, etc.) [23,33], alcohols [39,45],
liquid pyrolysis products, oil sludge and heavy oil [6,10], vegetable oils (including cooking
oils), and biodiesel [16,17,42].

Water is a non-combustible binder in fuel suspensions, where the mass fraction of
water can be up to 50% [11-13,39,40]. However, suspensions of the listed components
are characterized by composition instability due to certain stratification. Therefore, to
prevent delamination into components, it is necessary to introduce stabilizing components
into the composition. The content of those normally does not exceed 5% [27,35]. The list
of stabilizers being used is very extensive, and the principal requirements include non-
toxicity of the initial substance and its combustion products as well as low cost. Apart from
increasing the stability of the fuel slurry, stabilizers can also reduce the viscosity of the slurry,
which facilitates fuel transport through pipelines and improves atomization performance.

In [9], results of experimental research and numerical analysis of changes in the rheo-
logical properties of fuel suspensions based on water, semi-coke powder, and coal sludge
with the addition of a dispersant (sodium lignosulfonate) are presented. A decrease in
the viscosity of the fuel suspension was shown, and the changes in the electrochemical
bonds between the molecules of the mixture were estimated. This change in properties
has a positive effect on the applicability of the investigated fuel suspensions in the power
production industry. The effect of some other dispersants (sodium humate, sodium dode-
cyl sulfonate) on the characteristics of a water—fuel suspension of semi-coke powder was
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researched in [9]. The properties of CWs with surfactants were researched both experi-
mentally and using numerical methods, and a satisfactory convergence of the results was
shown. The rheological properties of a composite liquid fuel based on tire pyrolysis wastes
were researched in [7].

The effect of three different dispersants on the properties of the suspension has
been evaluated.

In [40], the rheological and energy characteristics of ultrafine-grained coal-water
suspension are investigated.

The research results in [40] substantiate the assumption that as the characteristic sizes
of coal particles in the composition are decreased, the ignition temperature and activation
energy of fuel suspensions decrease as well.

The data on the thermophysical, heat-engineering, and kinetic characteristics of com-
posite liquid fuels provide important information for the design and adaptation of respec-
tive equipment. These data are also useful in the development of tools for mathematical
modeling of the processes of motion, atomization, and combustion of composite liquid fu-
els. That is why the properties of CLF components and their typical mixtures are researched
very actively [2,9,15].

2.2. Anhydrous Composite Liquid Fuels

Anhydrous fuels based on conventional flammable liquids or mixtures thereof
(kerosene, alcohol, gasoline, etc.) [42,45,46] are used mainly as prospective motor fu-
els [47-49]. Additionally, it is necessary to use surfactants to maintain the stability of such
mixtures, especially when solid particles are present.

Such fuel compositions are characterized by high calorific capacities. However, the
properties of the mixture change when different components are combined. So, for the
adequate design and adaptation of engines to these composite liquid fuels, it is necessary
to conduct appropriate research. In [47], changes in the energy parameters of a ramjet
engine when burning traditional aviation fuel and when burning a composition with added
aluminum nanoparticles are investigated. It is shown that the presence of an admixture
of high-energy particles increases the efficiency of fuel combustion and the engine im-
pulse. These results confirm the promising prospective of such fuel compositions. In [42],
the results of a study of the characteristics of atomization, ignition, and combustion of a
mixture of biofuel from waste cooking oil and amyl alcohol (n-pentanol) are presented.
The presence of alcohol improves the ignition characteristics of biodiesel and minimizes
the deposition of soot. The data obtained from the research findings in [42] allow for the
assertion of the possibility of using such a fuel composition in automobile engines. Never-
theless, the efficiency of combustion of any liquid fuel and, specifically, fuel compositions
significantly depends on the parameters of its atomization. Therefore, the development
and research of prospective methods of implementing the injection of composite liquid
fuels into combustion chambers is an important aspect of improvement of the performance
characteristics related to energy production and environment conservation.

3. Primary Atomization of Composite Liquid Fuels

The injection of liquid fuel into the combustion chamber has a significant impact on
the efficiency of the entire power plant. The completeness of combustion, temperature
distribution throughout the volume of the heat exchange chamber, the stability of the flame
torch, and other important aspects depend on the parameters of the polydisperse liquid
flux. Therefore, it is vital to know optimal atomization parameters in order to maximize
fuel efficiency and minimize the environmental impact. Despite the fact that conventional
liquid fuels have been used in heat engines and power plants for over 150 years, possible
ways to increase their efficiency by optimizing atomization parameters are still being
researched [50,51].

In the case of using composite liquid fuels, especially those with solid components
in the composition, the search for optimal atomization parameters is complicated not
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only by the rheological and thermophysical characteristics of the mixtures, but also by the
higher intensity of erosion phenomena and the contamination of injector device elements.
However, most composite liquid fuel atomizers are made of steel, similar to conventional
fuel atomizers. Meanwhile, the applicability studies of ceramics for the manufacturing of
CLF injectors have yielded results that are known to the public. The article [20] presents a
comparative analysis of the wear indicators of injector devices made of different materials
(several types of ceramics, carbide, steel) when a coal-water suspension is injected into
the combustion chamber. Ceramic injectors have demonstrated the longest service life,
while stainless and carbon steel injectors have shown the shortest one. At the same time,
the service life of ceramic injectors is 30 times longer than that of steel [20]. However,
ceramics have low resistance to cyclic thermal deformation, and this is a disadvantage for
the fabrication of CLF atomizers. Due to fragility, microcracks form on the surface of the
injectors, which then become the centers of material destruction during operation [18].

3.1. Injectors with Internal Mixing

Mixing of the fuel with the atomizing agent is carried out inside the atomizer. Here, a
mixture of gas and a finely dispersed flux of suspension flows out from the injector. There
are many design options for such injectors. A typical operation mechanism is illustrated
by the structures presented in Figure 1: the fuel and atomizing agent (normally air) are
pumped into a mixing chamber, out of which a fine gas—fuel mixture flows. Examples of
the respective mixing method are shown in Figure 1 (according to [18,20,24]).
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(b) (©)

Figure 1. Designs of typical direct flow injectors with internal mixing (a—c): 1—supply of fuel

suspension; 2—supply of atomizing gas.

The characteristics of the coal-water paste (CWP) atomization by direct-flow injectors
of two design options were researched in [18]. Peculiarities of CWP lie in the manifestation
of non-Newtonian fluid properties. In the experiments, a direct injector and an injector
with a restriction device were used (Figure 1b). The atomizing agent (air) was admixed
into the fuel through holes located around the circumference of the mixing chamber at an
angle of 45°. The mass fuel flow rate was 500 kg/h, and the injector outlet diameters were
20, 32, and 40 mm. Images of the polydisperse fuel flux were captured using Particle Image
Velocimetry (PIV). An analysis of the research findings in [18] has shown that the angle
of the CWP atomization varied in the range of 30-35°. In the center of the atomization
plume, large droplets were observed. Meanwhile, smaller ones were distributed along the
edges and levitated. In this case, as large droplets traveled away from the injector, they
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underwent several stages of transformation: waves, films, and bundles. Then, they broke
into smaller droplets under the action of the gas flux and finally formed a finely dispersed
multiphase flux. The following conclusions were formulated. Both types of experimental
injectors can be used for CWP atomization. However, the injector without tapering showed
the best characteristics in terms of the abrasive wear of bearings. The main factor affecting
the characteristics of the polydisperse flux of CWPs is the relation between the masses of
the fuel and the atomizing agent (i.e., air).

The injectors of three designs were used in [24], including an injector with internal
mixing (Figure 1c). Experiments with the atomization of several types of coal-water
suspensions have been carried out. The internal mixing atomizer was an air-blown injector
with an outlet 5 mm in diameter. The parameters of the polydisperse flux in the atomization
chamber were taken using a Malvern 2600 particle analyzer and a laser-based method of
flow diagnostics. The injector performance analysis was based on the calculation of the
Sauter droplet diameter and the fuel flow rate. According to the experimental results, the
injector with internal mixing has demonstrated the formation of a water—coal suspension
flux that was finer in dispersion as compared to other types of injectors. The performance
of such an injector also turned out to be the highest. However, in the presence of large
particles of the solid component of the fuel composition, there is a high risk of clogging of
the internal mixing injector. This risk is due to the energy of the blast air being not sufficient
to disintegrate such clogs [24].

The possibilities of using direct mixing injectors not only for the injection of composite
fuels into the combustion chamber, but also for the formation of a water—fuel suspension
directly in the atomizer cavity are presented in the research [52]. The purpose of using
this design is to create an emulsified composite fuel without the addition of surfactants.
Since water—fuel emulsions without surfactants in the composition are extremely unstable,
they must be formed immediately before the combustion. A schematic diagram of an
emulsifying injector with internal mixing is shown in Figure 2 (according to [52]).

Fuel

Atomizing air

Figure 2. Sectional diagram of the emulsifying injector.

The injector presented in [52] successfully emulsified soybean oil with water at a
50/50% mass fraction of the components. The emulsion was formed by a strong vortex
motion of the atomizing gas and the re-mixing in a thin film on the inner walls of the
chamber. At the injector outlet, a water-in-oil emulsion was formed. Additionally, despite
the fact that the use of such an injector was accompanied by some deterioration in the
sputtering parameters (the average droplet diameter according to Sauter was 100 um),
great possibilities for using such a design is substantiated in [52]. The analysis of the
combustion of the emulsion formed by the injector developed has made it possible to draw
conclusions about the stability of the flame, the high efficiency of fuel combustion, and a
reduction in harmful atmospheric emissions.

As general conclusions about the use of direct mixing injectors for the primary atom-
ization of composite liquid fuels, the following can be highlighted: (i) the ratio of the mass
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of the fuel and the atomizing agent must be selected individually for fuel compositions
with different characteristics; (ii) empirical data are needed to adjust this ratio adequately;
(iii) due to a small number of channels for supplying the atomizing agent, internally mixed
injectors are sensitive to the presence of coarse fuel inclusions; and (iv) the phenomenon
of the formation of agglomerates from coal particles must be controlled and prevented,
especially when preparing fuel compositions in industrial volumes.

3.2. Injectors with Multi-Stage Mixing

Injector designs with additional stages for mixing the fuel and the propellant typically
have a large number of gas inlets. It is also possible to have special swirlers. The operation
mechanism of such injectors is similar to that of uniflow atomizers. Yet, they feature better
mixing due to a more sophisticated design and swirling of liquid and gas flows. Examples
of typical multistage mixing injectors are shown in Figure 3 (according to [22,24,53].

00 \ - iz
A

(a) (b)

4TT
o

Figure 3. Typical multi-stage mixing injector schemes (a,b): 1—supply of fuel suspension; 2—supply
of atomizing gas.

In [24], a design of a multistage low pressure injector is proposed (Figure 3a). The
main advantages of such an injector are as follows: low supply pressure of the coal-water
slurry, less intense erosion, as well as protection from clogging. The holes located around
the perimeter for supplying the atomizing agent (air) make it possible to atomize solid
particles if necessary (in contrast to the direct mixing injector). Particles may become larger
as a result of adhesion or poor-quality preparation of the suspension. At the same time,
the productivity of the multistage injector turned out to be lower, and the average droplet
diameter of the polydisperse flux (according to Sauter) was higher as compared to the
direct mixing injector [24]. The parameters of the polydisperse flux of the fuel suspension
generated by the multistage injector are more sensitive to the ratio of the mass flow rates
of the fuel and the air. However, in [24], it was concluded that multistage injector was
versatile and more reliable, because it was able to atomize solid components of low-quality
coal-water fuels by air jets.

The results of research of the applicability of a multistage injector [22] for injecting a
coal-water suspension into the combustion chamber also confirm that, at the injector outlet,
polydisperse flux parameters (in particular, average Sauter diameter) are highly sensitive
to the ratio of the fuel-air mixture supplied to the mixing chamber. In [22], it is noted that
as the mass flow rate of the air increases, the atomization quality improves: the dispersion
of the flux decreases and it becomes more uniform throughout the chamber volume. In
addition, the injector design proposed in [22] allows for adjusting the spray angle of the
composite liquid fuel.

In [53], a comparison of the characteristics of the atomization of two fuel compositions
is made. One composition includes a solid (coal), while another one includes a liquid
(petroleum coke). The compositions were atomized using an injector (Figure 3b), which
has three holes for gas swirling on the main channel from which composite liquid fuel
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was fed. Furthermore, the injector design includes a special plate: when colliding with
the plate, the fuel suspension mixes more intensively. The mixture was discharged from
the injector through a special annular channel. Nitrogen was used as an atomization
agent [53]. The characteristics of the polydisperse flux were investigated using optical
laser diagnostic methods. The experimental results have shown that, when using the same
injector design, the angle of the coal-water suspension spray cone is less than that of the
aqueous suspension with petroleum coke. The structure of the spray plume is such that
larger droplets are located at the periphery of the polydisperse flux, while small droplets
predominate in the central part of the plume [53].

Summarizing the results of the research of the applicability of multistage injectors for
the atomization of composite liquid fuels, several conclusions can be made. Firstly, due
to the complicated design, a more uniform formation of the gas-liquid mixture occurs,
which has a positive effect on the characteristics of the fuel flow in the combustion chamber.
Secondly, as a positive aspect of the use of multistage injectors, one can note their tolerance
to the presence of large particles or clogs in low-quality fuels. However, multistage
injectors exhibit high sensitivity to the ratio of the flow rates of the fuel and the atomizing
gas [22,24,53].

3.3. Bubble Injectors

The design of the injectors that utilize the bubbling of gas through the fuel slurry
involves a larger number of holes to supply the atomizing agent. The presence of a
solid combustible component in fuel suspensions leads to the contamination of the gas
inlet openings. Apart from that, a decrease in the pressure drop between the air and
the coal-water slurry was observed in [24], and this decrease caused a blockage of the
gas inlets. This is probably due to the presence of coal particles. They either cause the
instability of the bubble flux or an increase in the thickness of the coal-water suspension
film between bubbles. In [24], a conclusion is made about the inexpediency of using
bubbling (effervescent) injectors for the atomization of fuel suspensions having solid
components.

In [23], the results of experiments with the atomization of a fuel suspension based
on oil sludge using a bubble injector are presented. A diagram of the results is shown in
Figure 4 (according to [23]). The fuel slurry consisted of petroleum coke, sewage sludge,
and some chemical additives. Due to the hydrophobicity of the oil sludge and the properties
of the sewage sludge (it is a non-Newtonian fluid), the atomization rate is low. By analyzing
the distribution of droplet sizes in the flux, it was possible to determine the characteristic
changes in the droplets as they moved away from the injector. Droplet diameter decreased
as the axial distance increased. A conclusion was made about the possibility of using this
type of atomizers for fuel suspensions based on liquid combustible components. The size
of fuel droplets in the polydisperse flux could be significantly reduced by decreasing the
injector outlet cross section and increasing the gas pressure.

Figure 4. Effervescent injector diagram: 1—supply of fuel suspension; 2—supply of atomizing gas,
3—holes for the gas inlet.
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3.4. Coaxial Injectors

This type of atomizer does not envision mixing fuel suspension and gas in the inner
space of the injector [19,21,54]. A fine gas-liquid flow is formed at the nozzle outlet
as result of the interaction of fuel jets with a nebulizer gas, featuring high flow rates.
Typical designs of coaxial injectors are shown in Figure 5 (according to [19,21,54]). The
fuel suspension is pumped through the central channel, and the atomization gas travels in
the same direction, normally, through several parallel channels. At the injector outlet, the
liquid fuel jet is subjected to aerodynamic impact from the gas flows, which results in the
jet being converted to a polydisperse flux.

-
-
- N

Figure 5. Diagrams of typical coaxial atomizers: 1—supply of fuel suspension; 2—supply of
atomizing gas.

In [21], the influence of the rheological properties of a coal-water suspension on the
characteristics of atomization is investigated. High-speed video recording was used in
the experiments. From the analysis of the recorded video frames, two types of structures
in the process of destruction of a fuel jet by the air impact were singled out [21]: shear
wave and jet oscillations. Shear wave is typical for the conditions of high fluid velocity
and low viscoelasticity. Jet oscillations occurred at high values of viscoelasticity and
low velocities [21]. The results obtained illustrate the decisive impact of the rheological
properties of composite liquid fuels on the morphology and other parameters of the
polydisperse flux.

The results of experimental and theoretical studies of the formation of a finely dis-
persed flux of composite liquid fuel using a coaxial injector are presented in [19]. The
atomizer design presented in [19] allows for the use of the Coanda effect to atomize the fuel
suspension. The parameters of the multiphase flux at the injector outlet were diagnosed
using the PIV method. The results of the numerical simulation of the sputtering process
are presented, and they are in good agreement with the experimental data [19]. The air
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pressure was varied in the range from 1 to 5 bar. Over the entire experimental range of
pressures, the structure of the polydisperse flux of the fuel suspension was represented
by an annular jet in the symmetry axis area. The flux was forming direct and reverse
cumulative axial jets. During the interaction of these jets, a toroidal vortex arose in the
diffuser. This vortex facilitated the effective destruction of the liquid substance jet and
the formation of a finely dispersed two-phase flux [19]. The results in [19] rather compre-
hensively characterize the complex aerodynamics of a single-phase flux created by the
pneumatic injector being researched.

The research in [54] is also based on an experimental study of the features of the de-
struction of a jet of a fuel suspension under the influence of an air impact at coaxial injector
nozzle outlet. Eight compositions of coal-water suspensions were used in the experiments.
The characteristics of the formation of the polydisperse flux were analyzed using high-
speed video recording. Numerical simulations complemented the experiments [54]. A good
convergence of experimental and theoretical results was achieved. Based on the results
of the analysis of the fracture morphology of the fuel suspension jet, the fracture modes
have been identified: Rayleigh type rupture, fiber type rupture, and atomization. The
Rayleigh type rupture is identified as the main mode of decomposition of high-viscosity
compositions of fuel suspensions. At low air velocities, the fiber type rupture prevailed.
High air velocities are characterized by intense atomization [54].

The following general conclusions about the features of the formation of a polydis-
perse flux of fuel suspensions by coaxial injectors can be made. This injector type can
be successfully used for the efficient atomization of even highly viscous compositions
of composite liquid fuels. However, with an increase in the pressure of the atomization
gas, polydisperse flux velocity increases significantly. Thus, it is necessary to empirically
determine the necessary and sufficient values of the excess air flow pressure for the efficient
conversion of the fuel jet into a finely dispersed flux.

4. Secondary Atomization of Composite Liquid Fuels

Interest in the research of the mechanisms of the secondary atomization of fuel droplets
directly in the combustion chamber is rather high [26,28,55,56]. Droplet dispersion is
an important additional means of improving fuel efficiency by ensuring its complete
combustion while reducing the atomization overhead. The secondary fragmentation of
droplets can occur due to mutual interactions of droplets in the flux [57]. It may also take
place upon collision with the channel wall or with an intentionally installed obstacle [29]
or due to various internal overheating mechanisms [37,38]. Additionally, the methods
of secondary atomization of droplets may provisionally include the impact of gas jets
with excess pressure on the polydisperse fuel flux formed by the injector directly in the
combustion zone [27,58,59]. The morphology of the phenomena of secondary disintegration
of droplets is very diverse, and it depends on many factors. Therefore, the controlled use
of the atomization process can only be based on a large body of empirical data that form
the basis for the development of the respective predictive models [56,59,60].

4.1. Aerodynamic Mechanism of Secondary Atomization

This type of secondary decomposition can occur in a droplet flux, regardless of the
composition of the liquid and the external factors. The possible outcomes of the droplet
collision normally include the following: (i) rebound (elastic repulsion of drops from each
other after the contact, while maintaining the integrity of both droplets); (ii) expansion
(collision, temporary merger into a single element with further separation into two droplets
similar in size to the initial ones); (iii) coagulation (the unification of droplets after the
collision); and (iv) fragmentation (the destruction of the parent droplet with the formation
of a group of smaller droplets) [26,57]. Typical video frames of each of the listed collision
modes are shown in Figure 6 (according to [26]).
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Figure 6. Typical video frames of the basic modes of binary collisions of fuel suspension droplets: (a)—rebound;

(b)—expansion; (c)—coagulation; (d)—fragmentation.

In [26], the conditions for the stable realization of each of the droplet collision modes
were determined. The stages of transformation of coal-water suspension droplets were
investigated with the help of high-speed video recording. The composition of the composite
fuel, the fineness of the grinding of the solid fuel component, the initial velocities of the
droplets and their sizes, and the initial temperature of the fuel suspension were varied. It
was shown that the droplet fragmentation mode is possible in the entire range of variations
of external and internal factors. The conclusion has been formulated, and it states that
it is possible to ensure the conditions of intensive secondary fragmentation of droplets
even at small values of the Weber and Reynolds numbers. These numbers characterize the
forces of inertia, viscosity, and elasticity affecting the droplet. It was shown in [26] that the
process of the onset of the fragmentation mode can be controlled by varying the angle of
attack of the droplets. In this case, the characteristic ranges of the conditions whereby the
occurrence of secondary fragmentation is the most probable differ for fuel compositions
with different compositions. Therefore, the most important task is to compose maps of
collision modes for a wide group of composite liquid fuels on the basis of empirical data.

In [57], the research findings obtained on a laboratory coal-water slurry gasifier are
presented. The peculiarity of the gasifier design lies in the fact that when the fuel is sprayed
in its inner chamber, the conditions for primary and secondary fuel atomization are realized.
Primary injection was carried out using a coaxial injector. The secondary fragmentation
of droplets occurred directly in the flame combustion zone. The stages and features of
fragmentation were recorded using high-speed video recording. In [57], tensile rupture
and shear rupture are identified as typical types of the fragmentation of fuel suspension
droplets. The regions of the gasifier chamber with different flow rates were investigated
and the probabilities of the secondary fragmentation of droplets characteristic for each zone
have been revealed. Thus, the probability of the absence of droplet fragmentation even in
a region with low flow rates is low (about 7%). In this case, the most frequently realized
scenario of secondary fragmentation of droplets in the region with low flow rates is tensile
rupture. At high flow rates, the percentage ratio of tensile rupture and shear rupture are
comparable. A conclusion [57] is formulated, postulating the need of using secondary
fragmentation of droplets as a possible path for increasing the efficiency of power plants.

Another type of aerodynamic fragmentation of droplets is their collision with var-
ious solid surfaces. In [29], the morphology of biodiesel-water microemulsion droplets
fragmentation when dropped on a heated substrate was experimentally investigated. By
varying such factors as the mass fraction of the surfactant and the heating temperature,
the researchers were able to achieve conditions under which secondary atomization is
realized with the formation of the so-called corona of fuel splashes. In this case, the relation
between the droplet surface area after fragmentation and the initial droplet surface area
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was S1/Sp = 19. It was concluded that the decisive factors affecting the characteristic sizes
of secondary droplets are the temperature of the substrate and the proportion of water in
the composition of the composite liquid fuel.

The impact of high-pressure gas jets on droplet fluxes of liquids can also be considered
as the second stage of atomization, although this method (in contrast to the two above
methods) requires additional energy input [19,27,58]. The modes and characteristics of
the fragmentation of droplets of eight fuel compositions were experimentally investigated
in [58]. The modes of deformation and fracture were singled out. They differ from
those observed in the case of single-component drops. Deformation without subsequent
destruction (analogous to the so-called parachute) is a composite mode comprising two
stages: annular and tensile rupture, and shear rupture of droplets [58]. In addition to
the classical criteria characterizing the destruction of liquid droplets (We and Oh), new
criteria are proposed. They reflect the boundaries of the occurrence of fragmentation
modes of non-Newtonian liquids, since composite liquid fuels often exhibit the properties
of such liquids.

The experiments in [27] seek to investigate the effect of surfactants in fuel compositions
on the morphology of droplet destruction when exposed to a gas jet. Different types of
droplet destruction require different conditions for liquid droplets with surfactants as
compared to droplets without additional additives. Differences between these conditions
have been revealed. The concentrations of micelles and surfactant monomers on the
surface of fuel suspension droplets have been studied in detail. This factor is recognized as
a decisive one when it comes to differences in droplet breakdown characteristics. Based on
the results of the research carried out, a criterion that would make it possible to calculate
the value of the Weber criterion with satisfactory accuracy has been proposed. The Weber
criterion characterizes the transition boundary between the modes of disintegration of
droplets containing surfactants.

It should be noted that the development and constant contribution of experimental
data for a wide group of composite liquid fuels into the database is instrumental for the
adequate recording of conditions of secondary fragmentation of fuel droplets caused by
aerodynamic force, as well as predicting the characteristics of this process.

4.2. Thermal Mechanism of Secondary Atomization

The disintegration of multicomponent droplets under heating conditions is most often
based on the difference in the thermophysical properties of the substances that comprise
the fuel suspension. For example, coal particles included in the composition of certain
types of liquid fuel can intensively absorb the radiation component of the heat flux, thereby
creating a zone of boiling and vaporization at the interface with the liquid phase [61].
The presence of liquids with different boiling points in the fuel composition also leads
to the destruction of the droplet caused by the formation of vaporization products of the
low-boiling component [31,32]. Among the typical modes of thermal disintegration of fuel
suspension droplets, one can distinguish the so-called puffing. Puffing is the evaporation
of a certain amount of liquid from the inner layers, accompanied by the separation of liquid
fragments, but without complete destruction of the droplet. Micro-explosion is a complete
disintegration of the droplet with the formation of a finely dispersed cloud of liquid.

In [33], the authors researched the factors that make it possible to achieve complete
fragmentation of droplets of coal-water and organo—coal suspensions under different
heat supply models: on a heated metal substrate (300-600 °C), in high-temperature air
flux (450-550 °C), and in a tubular muffle furnace (500-700 °C). During experimental
studies, three modes have been observed: monotonous evaporation of droplets, surface
transformation with partial separation of the liquid mass in the form of separate fragments,
and complete disintegration of a droplet with the formation of splashes. Typical video
frames of the main modes of fuel suspensions droplets evaporation are shown in Figure 7
(according to [33]).
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Figure 7. Typical video frames illustrating the principal modes of fuel droplets evaporation:
(a)—monotonous evaporation from the free surface; (b)—puffing with the formation of large frag-
ments of liquid; (c)—puffing with the formation of small droplets; and (d)—micro-explosive destruc-
tion with the formation of an aerosol cloud.

The research was performed using high-speed video recording and subsequent video
frame analysis using specialized software. The following results in [33] are highlighted as
the main research findings. The puffing mode is characteristic of droplets of fuels with a
fuzzy interface between the media (i.e., fuels without solid particles in the composition).
Complete disintegration of droplets occurs due to overheating at the surface of solid fuel
inclusions (i.e., it occurs in droplets with a pronounced interface). The fragmentation delay
is caused by the evaporation of moisture from the droplet subsurface layers. The ambient
temperature is the most important factor for micro-explosion. The temperature range
corresponding to low-temperature ignition (up to 900 °C) is selected as the most favorable
mode in [33]. From the point of view of micro-explosive fragmentation, the most efficient
heat supply mode envisions the flow of heated air around the droplet, which corresponds to
combustion chamber conditions. The characteristic sizes of droplets and solid fuel particles
in their composition have also had impact on the micro-explosion intensity: the smaller
the initial droplet and coal particles in its composition, the sooner explosive fragmentation
took place. Thus, a recommendation [33] has been formulated. It suggests organizing the
combustion of composite fuels in chambers with preliminary heating and fragmentation of
droplets in a low-temperature zone with the subsequent entry of the fine-dispersed flux
being formed into the combustion chamber.

In [36], a more detailed investigation of the micro-explosive destruction mode, fo-
cusing on the formation of the so-called corona is offered. Composite liquid fuel was a
mixture of two combustible components with a sharply differing volatility: ethanol and
tetradecane. The atomization mode of such a fuel composition is similar to the formation
of splashes when a droplet hits a hard surface. The direct impact of the fraction of the
volatile component in the droplet on the stability of the formation of a hemisphere of small



Energies 2021, 14, 7282

14 of 17

splashes has been determined [36]. That is why the introduction of low-boiling combustible
impurities into fuel compositions can be considered an additional means of increasing the
probability of micro-explosive destruction.

Another way to intensify the secondary atomization of droplets is the supplementary
gasification of the fuel suspension [38]. The water—oil composition was investigated as a
model fuel composition. Carbon dioxide microbubbles were introduced into the water—oil
emulsion to act as vaporization centers. The gasified and the normal emulsion were heated
under identical conditions [38]. For droplets with gas bubbles, smaller values of the ignition
delay times were recorded. It was substantiated that the carbonization of emulsified fuel
improves the ignition characteristics by enhancing the effect of micro-explosive destruction
of droplets.

Thus, based on the experimental results in [31-38], it can be concluded that favorable
factors for the stable realization of micro-explosive fragmentation of fuel suspension
droplets are as follows: (i) the presence of a clear phase boundary (mainly due to solid
inclusions); (ii) a significant difference in the volatility of liquid components; and (iii) the
presence of additional nuclei of vaporization (for example, gas microbubbles).

5. Conclusions

i Based on the analysis of modern trends in the development of technologies for the
atomization of composite liquid fuels, it can be concluded that the most effective
formation of a polydisperse flux of fuel suspensions requires the simultaneous
use of primary and secondary atomization modes. It is not possible to develop
a universal scheme for the injection of CLFs into the combustion chamber due
to a wide variety of fuel components, stabilizing additives, and their ratios in
the composition.

ii. Based on the analysis of modern achievements of the global scientific community;, it
is possible to formulate conclusions regarding primary atomization modes:

a. Injector devices with simple internal mixing allow for the formation of an
effective polydisperse flux. However, they are sensitive to the presence of
large inclusions of solid particles. When preparing composite liquid fuels
with solid additives in industrial volumes, it is difficult to completely exclude
the occurrence of such agglomerates.

b.  Multistage injectors are more resistant to the presence of large particles. How-
ever, their performance and polydisperse flux parameters strongly depend
on the ratio between the flow rates of the fuel and the atomizing agent. This
requires the use of highly sensitive control systems.

C. It is not advisable to use bubbling injectors for atomizing composite liquid
fuels with solid components. However, this type of atomization can be
used for suspensions based on liquid components, including those with
non-Newtonian properties.

d.  Coaxial injectors demonstrate excellent efficiency in the formation of finely
dispersed fluxes due to a high degree of turbulence. At the same time, their
main disadvantage is high resulting flow rates, including supersonic ones.

iii. When analyzing the methods of secondary atomization of composite liquid fuel
droplets, it is substantiated that, for the best use of the aerodynamic mechanism
of secondary fragmentation, optimal ranges of motion velocities and mutual tra-
jectories of droplet fluxes should be chosen. In this regard, it is necessary to note
that the development of aerodynamic fragmentation mode maps is highly relevant,
and these maps can only be obtained from experimental research findings. For the
effective implementation of the thermal mechanism of secondary fragmentation, it
is necessary to aim for the occurrence of micro-explosive disintegration. The main
favorable factors include: the presence of solid inclusions (a clear phase boundary)
in the droplets; a significant difference in the volatility of liquid components; and
the presence of microcenters where boiling centers nucleation takes place.
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