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Abstract: The characteristics of the collisions of droplets with the surfaces of particles and substrates
of promising oil–water slurry components (oil, water and coal) were experimentally studied. Particles
of coals of different ranks with significantly varying surface wettability were used. The following
regimes of droplet–particle collisions were identified: agglomeration, stretching separation and
stretching separation with child droplets. The main characteristics of resulting child droplets were
calculated. Droplet–particle interaction regime maps in the B = f (We) coordinates were constructed.
Equations to describe the boundaries of transitions between the droplet–particle interaction regimes
(B = nWek) were obtained. The calculated approximation coefficients make it possible to predict
threshold shifts in transition boundaries between the collision regimes for different fuel mixture
components. Differences in the characteristics of secondary atomization of droplets interacting
with particles were established. Guidelines were provided on applying the research findings to the
development of technologies of composite liquid fuel droplet generation in combustion chambers
with the separate injection of liquid and solid components, as well as technologies of secondary
atomization of fuel droplets producing fine aerosol.

Keywords: droplet–particle collisions; interaction regimes; oil; water; coal; slurry fuels

1. Introduction

High concentrations of the main gaseous anthropogenic emissions (oxides of sulfur,
nitrogen and carbon) are key air pollutants in regions with active combustion of coal and
coal processing waste [1–3]. The economic and energy benefits of solid fuels contribute
to their strong position in the global energy sector, thus worsening the environmental
problems [1,4]. Some countries (China, India, Japan, Germany, France, the USA, etc.) have
placed severe restrictions on the rates of direct combustion of coal [5–7]. It is a relevant
task to optimize coal combustion to maintain minimal negative impact on the environment.
Coal pyrolysis and gasification [8–10], as well as combustion in the form of slurries [11–13]
are generally accepted as the most promising approaches to the corresponding tasks. The
slurries in question are often referred to as coal–water slurries with or without petrochemi-
cals. The economic indicators of technologies relying on coal pyrolysis and gasification are
not very high at the moment [14,15]. This prevents their wide application in the economy
of most countries concerned [14,16]. The combustion of coal and coal processing waste in
the slurry fuel composition is generally considered promising [12,17,18]. Comprehensive
studies [19–21] taking the environmental, economic, energy and social indicators into ac-
count justify the potential of these fuels compared to different solid and liquid fuels (fuel
oil, coal, slime, filter cake, etc.) and, under certain conditions, to natural gas [22,23].

Yet the technologies of combustion of composite fuels containing coal particles and coal
processing waste present some challenges that have not been adequately addressed so far.
One of these challenges is stable (in terms of the flow rate and resulting droplet distributions)
spraying of slurries with nozzles [17,24]. Nozzles come with different modifications [25–27].
The need for a longer service life of nozzles calls for developing new designs that minimize
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the effect of flow channel clogging with solid particles, wear of wall materials due to friction
with solid particles and instability of the fuel component composition. Tackling each of the
formulated problems necessitates considerable financial investments. At the same time, these
difficulties can be overcome by injecting slurry fuel components (e.g., coal particles, water
and oil droplets) separately into combustion chambers. There are not enough data now on
what collision regimes of slurry fuel components (droplets and particles) occur in combustion
chambers when they are fed separately. The modern theory of the droplet–particle interaction,
whose main postulates are presented in the review [28], is still unable to reliably and efficiently
predict the conditions of the fuel component (particles and droplets) agglomeration and
the conditions of their separation that forms an aerosol cloud. Moreover, the number of
components mixing in a combustion chamber may not be limited to just two. Therefore, it is
an important task to experimentally study the collision regimes and outcomes of droplets and
particles of promising slurry fuel components.

Previous research findings [29–31] indicate that the main components of promising
slurry fuels are coals of different ranks, water and combustible liquids (such as various
industrial oils, namely, turbine, transformer, motor, castor, etc.). The studies [32–34] present
the experimental results illustrating significant differences in the interaction regimes of
different slurry fuel component droplets colliding with each other in gas. The sequence of
the interaction of component droplets and their role (projectile, target) was found to be of
crucial importance. Regime maps were plotted, and secondary fragment characteristics
(number, size, velocities, energy, pulses, etc.) were calculated. These highlight the high
potential of substantial secondary atomization of slurry fuel droplets as a result of their
collisions. The process is essential to the intensification of ignition of water-containing
slurry fuels because their combustion starts with a considerable delay (due to a high
heat of vaporization and heat capacity of water). So far, neither the collision regime
maps of comparably sized fuel droplets and particles nor their collision outcomes have
been studied. Consequently, it is important to explore the binary collisions between
the droplets and particles. The present-day ideas of such processes are based on the
experimental results for model liquids and particles [35], in particular, water, alcohols,
metal and sapphire particles, whose main properties differ greatly from those of slurry fuel
components. As a result, it is difficult to predict the conditions of fuel component interaction
using the data [35]. Mathematical modeling results for the motion of fuel components
in furnaces were generally [36] obtained when using the following promising [37–39]
materials and substances: biomass, coal processing waste, low-rank and brown coals, and
peat. The motivation of this study is to identify the conditions for generating two- and
three-component fuel droplets in combustion chambers when feeding the particles of coal
and coal processing waste separately from the droplets of combustible and noncombustible
liquid components.

The purpose of this study is to construct the collision regime maps for droplets and
solid particles of promising oil–water slurry components, when using different sequences of
their interaction and ambient conditions corresponding to fuel technologies. It is interesting
to explore the possibility of forming two- and three-component child droplets when several
solid particles and liquid droplets collide in different regimes.

2. Materials and Methods
2.1. Materials

The main liquids considered in the experiments were distilled water and used motor
oil. The properties of these liquids are similar to those used in composite fuel preparation
technologies [40–42]. Adding oil to composite fuels increases their calorific value, which is
lower than that of coal as a result of adding water. The properties of liquids are listed in
Table 1.
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Table 1. Properties of liquids under study.

Liquid Temperature, ◦C Viscosity, mPa·s Density, kg/m3 Surface Tension,
mN/m

Distilled water 20 1 998 72.69

Used motor oil 20 97.92 832 28.85

The ranks of coals used as solid substances were chosen from the most common ones
in composite liquid fuel preparation [17,25,43]: brown and coking bituminous coal, filter
cake of coking bituminous coal and anthracite. One of the key characteristics of solid
substances interacting with liquids is their wettability [44]. The hysteresis of the wettability
of coal particles is significantly affected by their surface uniformity, roughness and chemical
purity. Wetted coal particles have gas cavities in the surface pores and cracks. These also
affect the dynamics of interaction with liquid droplets [45]. With such cavities, the stain
of the contact of liquid with a coal particle is much smaller than in the case of the surface
without pores. The gas cavities in the surface defects of coal particles are the points of stress
concentration on the liquid surface. Using shadowgraphy [46], the wettability properties of
the materials under study were determined. The data in Table 2 are based on the results
of measuring the contact angle of pressed pellets from particles of the above ranks of coal
ground to 60 µm and their monolithic processed fragments. The contact angle of monolithic
fragments of filter cake is difficult to measure reliably. Due to its high porosity, the droplet
did not remain on the surface. It soaked into the near-surface layer.

Table 2. Contact angles of samples.

Coal Rank
Contact Angle, ◦

Pressed Pellet Monolithic Fragment

Coking coal filter cake 69.3 –

Brown coal 77.2 104

Coking bituminous coal 72.2 102.3

Anthracite 71.3 97.8

The methods of slurry preparation, storage, transportation and spraying used in indus-
trial applications have certain disadvantages. During primary atomization in combustion
chambers, emulsions and slurries tend to separate into components (namely, the water film
separates) [17,47]. The methods of preparing emulsions and slurries and maintaining their
stable state for a long time require their occasional mixing or adding specialized additives
(stabilizers). The combustion of such additives together with a fuel often has a negative
environmental impact. Therefore, it is important to intensify the secondary atomization of
fuel droplets in combustion chambers through their collisions with each other and with
solid particles.

2.2. Setup and Experimental Procedures

The study of the characteristics of interactions between the droplets and particles of
promising oil-water emulsion components was conducted employing a setup shown in
Figure 1. The setup included a vacuum pump to hold a solid particle, a droplet dis-
penser and a system of high-speed video recording with appropriate illumination. The
load-bearing structure was made up of aluminum beams with mortises to fit additional
equipment. The structure profile allowed high-accuracy control of the position of the setup
elements relative to each other. Used motor oil was fed through detachable nozzles (2) with
different internal diameters (0.21–1.12 mm). The nozzles were mounted vertically above
the experimental sample. The liquid was ejected to the nozzles with a 50-mL syringe (3).
The pressure in the liquid supply duct was built up with a syringe pump (4) maintaining
a constant flow rate of 80 mL/h. A coal particle (5) was held at the outlet of the nozzle
(6) connected with copper tubes (7) to the vacuum pump (8) with a flow rate of 70 l/h. The
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vacuum pump generated a pressure of 5 Pa, sufficient to hold coal particles in place when
they were hit by a droplet. The diameter of the inner duct of the nozzle-holder was chosen
depending on the size of particles in the range of 0.1–0.5 mm. The coal particle size Rp
was varied between 0.1 and 1.5 mm. Droplet collisions with carbonaceous particles were
recorded with a Photron mini UX100 video camera (9) with a frame rate of 6400 frames
per second and resolution of 1280 × 720, coupled with a Sigma 105 mm 1:2.8 DG MACRO
HSM lens. The recording area (10) was organized to adequately track the initial parameters
of droplet movement and parameters of secondary fragments resulting from the colli-
sions with carbonaceous particles. A container (11) was placed in the lower part to collect
liquid after the collision. An LED spotlight (12) (General Lighting GOFL-30-IP65-6500)
illuminated the recording area.
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Figure 1. Schemes of the setup (a) and experiment (b): 1—detachable nozzles of different diameters;
2—silicone tubes; 3—syringe with liquid; 4—syringe pump; 5—carbonaceous particle; 6—particle holder;
7—triaxial positioning mechanism; 8—vacuum pump; 9—high-speed video camera; 10—recording area;
11—container to collect liquid; 12—spotlight.

The key parameters of generated droplets are the radius (Rd = 0.9–2.2 mm) and
resultant impact velocity (Ud = 0.5–4.0 m/s). In this size range, the droplet has a stable shape
during its movement in gas. The droplet velocity range was chosen so that different collision
regimes (agglomeration and stretching separation) occurred. Figure 1b presents a scheme
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proposed for the mixing of components of coal–water slurries containing petrochemicals
(CWSP), injected separately into a combustion chamber. Using this scheme of supplying
CWSP components, it is possible to avoid typical problems arising when ready-made
composite fuels are injected [17,24,47].

The collisions of liquid droplets (water, oils, fuel oil, diesel fuel, etc.) with coal particles
examined in this study are similar to the primary collisions in a furnace (droplet and particle
size 0.1–3 mm, velocities 0.1–300 m/s, and impact angles 0–90◦). The experiments involved
the collisions of water and oil droplets with dry particles and particles that had been wetted
with water and oil droplets. The droplets did not interact with the fixed particle before
the collision. The collisions of a single liquid droplet with a particle or substrate were
considered. A container to collect liquid was fit between the nozzle and particles. As soon
as the droplet generation frequency and sizes became constant, the positioning mechanism
moved the container aside to allow the movement of droplets to the particle. Several
collisions of droplets with particles were captured on video. Yet for processing, only the
first collision was used, because, in the subsequent collisions, some liquid remained on
the particle. Lin et al. [48] found that the characteristics of droplet collisions with wetted
particles may differ from those with dry ones. Therefore, cases were also considered when
droplets collided with particles wetted with liquids, which reproduced the conditions
when another droplet or several droplets collided with coal fragments. In the first case, a
cover with a container for collecting liquid was fitted between the coal particle fixed on the
vacuum holder and free-falling oil droplets. The cover was opened the moment the video
recording began, and the collision of an oil droplet with a dry coal particle was recorded.
In the second case, one 5-mL liquid droplet was poured out on the coal particle with a
dropping bottle before the start of video recording. This is comparable to the volume of
droplets generated by detachable nozzles.

Two regimes of droplet–particle interaction were identified when processing the
recordings: agglomeration and stretching separation. Agglomeration is characterized
by the deposition of a droplet on a coal particle and enveloping its surface. Stretching
separation is when the liquid and the coal particle separate to produce one or several
secondary fragments referred to as child droplets.

Droplet collisions are generally described by dimensionless parameters. The regime
(agglomeration, stretching separation) maps were plotted allowing for the linear impact
parameter and the Weber number. To take the centricity of a droplet–particle collision into
account, the dimensionless linear impact parameter (B = b/(Rd + Rp) was used, where
b is the linear approach parameter, and Rd and Rp are the radii of the droplet and particle,
respectively. The Weber number (We = 2·ρ·Rd·Ud

2/σ, where ρ is the liquid density, Ud is
the droplet velocity and σ is surface tension) represents the ratio of the inertia of liquid
to its surface tension. This coordinate system on the collision regime maps was chosen
to take the liquid surface tension, droplet sizes and relative velocities into account. The
Weber number was varied from 1 to 100 and was calculated taking the resultant (relative)
velocity of droplets into account. Regime maps in the B(We) coordinate system (as in [35])
were constructed. After that, the terminal or boundary points characterizing each regime
of the droplet–particle interaction were determined to plot their boundaries. The value
of b is the linear approach parameter. It was calculated as a distance between the centers
of mass of the droplet and particle. The way it was determined is shown graphically in
Figure 2. The value of b was varied in the experiments in the ranges that corresponded to
the dimensionless linear impact parameter (B) variation from 0 to 1.
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The characteristics of secondary droplets resulting from the disruption of the initial
droplet were examined. For that, the radii (rd) and number (Nti) of all the visible (i.e.,
within the recording area) secondary fragments were measured. The volume of the initial
droplet was calculated: V0 = 4·π·(Rd1

3 + Rd2
3)/3. The total volume of a group of resulting

child droplets was given by V1 = 4·π·Σrdi
3/3. The difference between these volumes was

the volume of liquid remaining on the particle surface.

3. Results
3.1. Collisions of Liquid Droplets with Solid Particles

In the experiments, the main patterns of the interaction of liquid droplets with solid par-
ticles (being the components of promising composite fuels) were established. Figures 3 and 4
present typical images of the collisions of water and oil droplets of different initial sizes
(Rd = 1–2.2 mm) with the carbonaceous particles of coking coal filter cake with Rp = 0.75–1.5 mm
(for a series of varying droplet sizes). The images show that the key parameter affecting the
occurrence of stretching separation and formation of child droplets at an identical velocity is
the particle–droplet size ratio (∆). Stretching separation proceeded when the kinetic energy of
the liquid droplet movement was greater than the sum of energies used to overcome viscous
friction, dissipation energy, rotational energy and the energy used to overcome the surface
tension forces. If the kinetic energy was greater than the sum of energies, the liquid fragments
separated from the solid particle. Otherwise, the liquid droplet remained on the solid particle
(agglomeration was recorded). It is clear from Figure 3a,b that at a liquid droplet size Rd of
1.45 mm, stretching separation is bound to occur after the collision with carbonaceous particles
with a size Rp of 0.75–0.9 mm. The collisions of such droplets with dry particles resulted in the
formation of several child droplets. With a reduction in the initial droplet size Rd to 1.1 mm
(Figure 3a,b), agglomeration was recorded. Here the droplet stuck to the carbonaceous particle
and enveloped it. The liquid layer was not detached. Agglomeration occurred irrespective
of whether the particle surface was dry or wet. Agglomeration was recorded both for dry
and wetted particles. This result is extremely important for the technologies of composite fuel
droplet preparation, since coals have different moisture content, and particles can be wetted
using different methods.
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Figure 4. Images of the interaction of liquid droplets with carbonaceous particles of coking coal filter
cake at ∆ = 2: (a)—water; (b)—used motor oil.

Figures 3a and 4a demonstrate how the interaction regimes and formation of different
numbers of secondary fragments are correlated with the liquid properties. When droplets
interacted with coal particles at ∆ < 2, the droplet separated from the particle in the majority
of the experiments. This indicates that for consistent agglomeration of a water droplet with
a coal particle, the latter has to be at least twice as big as the former. Such patterns are true
for low resultant (relative) velocities of objects. With an increase in the velocity of droplets
Ud > 2.5 m/s by increasing the height from which they are dispensed, stretching separation
was recorded.

Used motor oil droplets with a high viscosity stuck to dry coal particles (Figures 3b and 4b),
forming local clusters of liquid in the form of a film of uneven thickness on their surface. High
viscosity and a relatively small volume of oil prevented the formation of a liquid film of even
thickness on the particle surface. When used motor oil droplets collided with wetted coal
particles, the oil droplet spread over the particle more evenly due to the existing oil film. This
created a dense near-surface liquid layer. In a high-temperature gas environment, corresponding
to combustion chambers, the oil will be the first to ignite. Coal particles will interact with the
oxidizer in a high-temperature gas environment only after the oil partially burns out. These
conditions offer great potential for the combustion of compositions based on coals of very
different ranks characterized by ignition delays.

The experiments [35,50] also showed that the droplet–particle size ratio has a decisive
effect on the collision regime. An assumption was made that the size of a droplet has a
significant effect on the outcomes of its interaction with a particle at a constant ratio of
their sizes. With an increase in the droplet volume, the ratio of surface tension to inertia
decreases. Figure 5 presents typical images of the collisions of distilled water droplets
with anthracite particles when varying Rd. The main parameter affecting the occurrence
of stretching separation and child droplet formation at a constant velocity is the size of
the initial droplets. Agglomeration, however, was recorded during the collisions between
water droplets and anthracite particles at a droplet radius Rd of 1.3 mm or smaller.
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Figures 4–8 demonstrate the mutual influence of the shape of coal particles and the 

size of droplets on the characteristics of interaction regimes. The image processing re-

vealed that droplet contact with coal particles having a smooth face resulted mostly in 

agglomeration. In this case, the liquid spread evenly on the particle surface. When a 

Figure 5. Images of collisions of used motor oil droplets with carbonaceous particles of coking coal
filter cake at varying droplet sizes: (a,c,e)—dry particles; (b,d,f)—particles containing water on the
surface; (a,b)—Rd = 1.45 mm; (c,d)—Rd = 1.3 mm; (e,f)—Rd = 1.1 mm.

Figures 4–8 demonstrate the mutual influence of the shape of coal particles and the size
of droplets on the characteristics of interaction regimes. The image processing revealed that
droplet contact with coal particles having a smooth face resulted mostly in agglomeration.
In this case, the liquid spread evenly on the particle surface. When a droplet landed on a
coal particle with a sharp edge, the liquid spread along its sloping faces. This pattern was
recorded for the whole range of droplet and coal particle sizes.
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surface; (a,b)—Rd = 1.45 mm; (c,d)—Rd = 1.3 mm; (e,f)—Rd = 1.1 mm.
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Figure 7. Images of collisions of used motor oil droplets with carbonaceous particles of anthracite
at varying droplet sizes: (a,c,e)—dry particles; (b,d,f)—particles containing water on the surface;
(a,b)—Rd = 1.45 mm; (c,d)—Rd = 1.3 mm; (e,f)—Rd = 1.1 mm.

It is also clear from Figures 4–8 that the number of child droplets emerging after the
collision of a droplet with wetted coal particles decreased compared to when it collided
with a dry particle, both in the case of water and oil. The obtained findings confirm a
hypothesis that a preliminary layer of liquid on the solid particle surface contributes to
the retention of the subsequently falling droplet. The liquid film slows down the droplet
due to viscosity and surface tension forces. At low Weber numbers (We < 6 for water and
We < 13 for used motor oil), the droplet agglomerates with a wetted fragment. Following
the analysis of the obtained images, it was established that when composite fuels are
produced by separate injections of liquid and solid components, the Weber numbers have
to be low. This is possible at low velocities (<1 m/s) of the fuel components when they
collide at an angle, or at higher velocities (1–2.5 m/s) when coal fragments and liquid
droplets move in the same direction.

Additional experiments were performed to study the interaction of a motionless
droplet with moving solid particles. Typical videograms of the collision are presented in
Supplementary Materials (Videos S1 and S2). The results of the conducted experiments
indicate that at relatively high droplet-to-particle size ratios (Rp > 0.4 Rd) and their low
velocities (<1 m/s), a particle impinging on a droplet sticks to its surface but does not
penetrate its deep layers (elastic collision is recorded). This can be explained by the fact that
surface tension (molecular pressure in the droplet) and viscosity dominate inertia. With
a decrease in the particle size relative to the droplet size (Rp < 0.3 Rd) and an increase in
velocities (>1 m/s), the particle breaks through the droplet and takes some of its liquid
with it. It is a reasonable conclusion that mixed slurry fuel droplets (agglomerates of solid
particles and liquid) can be formed with a prior selection of the size ratio of droplets and
particles, as well as their velocities and impact angles in accordance with the findings of
this study.
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Figure 8. Images of collisions of distilled water droplets with carbonaceous particles of anthracite
at varying droplet sizes: (a,c,e)—dry particles; (b,d,f)—particles containing water on the surface;
(a,b)—Rd = 1.45 mm; (c,d)—Rd = 1.3 mm; (e,f)—Rd = 1.1 mm.

3.2. Collision Regime Maps for Liquid Droplets and Solid Particles

Known limitations of using coal–water slurries with and without petrochemicals [17,26,47]
can be minimized by using an approach implying separate injection of components into com-
bustion chambers [50]. In this case, it is necessary to determine the threshold conditions of
the coalescence of liquid droplets with each other and the agglomeration of droplets with the
solid particles of composite fuels. The interaction regime maps for the droplets of promis-
ing oil–water slurry components colliding with carbonaceous particles, obtained when pro-
cessing the experimental results at varying droplet-to-particle size ratios, are presented in
Figures 9–12. Figures 9 and 10 show the collision maps for water and used motor oil droplets
(Rd = 1.1–1.2 mm) impinging on similarly-shaped coal particles of different ranks and sizes
(Rp = 1.1–1.2 mm). The analysis of the maps indicates that coal rank has a rather weak effect on
the interaction regime. This conclusion is crucial for fuel technologies, as it justifies the use of a
wide range of coal ranks. A specific aspect of the collision of a liquid droplet with a fragment of
coking coal filter cake was the sticking of coal dust on the droplet’s surface. For distilled water
and used motor oil in the region of B > 0.5, agglomeration with the particles of coking coal filter
cakes was only recorded at low Weber numbers (We < 4). This effect is conditioned by coal dust
present on the surface of filter cake particles. It remains there after the flotation of coal during its
preparation. Figures 9–12 show the maps demonstrating the differences in the characteristics of
collisions between a distilled water droplet and particles of different coal ranks (Figure 9), a used
motor oil droplet and particles of different coal ranks (Figure 10), a distilled water droplet and
dry particles, as well as particles wetted with used motor oil droplets (Figure 11), a used motor
oil droplet and dry particles, as well as particles wetted with distilled water droplets (Figure 12).
Based on the conducted experiments, reported in Section 3.1, the collision characteristics were
obtained (pre-collision droplet diameter (Rd), impact velocities (Ud), and impact angle (b)) at
which agglomeration and separation occurred. These results were used to calculate the Weber



Energies 2022, 15, 8288 11 of 23

number (We = 2·ρ·Rd·Ud
2/σ) and linear impact parameter (B = b/(Rd1 + Rp)) for each occurring

regime. The obtained points were plotted on the B(We) regime map (Figure 9b).
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Figure 9. Interaction regime maps (a) for distilled water droplets colliding with carbonaceous particles
of coals of different ranks at ∆ = 1, Rd = Rp = 1.1–1.2 mm, (b) water droplets colliding with solid
particles (approx. 3 mm in diameter) [35]: 1—filter cake of coking coal; 2—brown coal; 3—coking
coal; 4—anthracite. A—agglomeration; SS—stretching separation; CD—child droplets.
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Figure 10. Interaction regime maps for used motor oil droplets colliding with carbonaceous particles
of coals of different ranks at ∆ = 1, Rd = Rp = 1.1–1.2 mm: 1—filter cake of coking coal; 2—brown coal;
3—coking coal; 4—anthracite. A—agglomeration; SS—stretching separation.
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Figure 11. Interaction regime maps of distilled water droplets colliding with carbonaceous particles
of coals of different ranks at ∆ = 1, Rd = Rp = 1.1–1.2 mm: 1—dry particle of coking coal filter cake;
2—wetted particle of coking coal filter cake; 3—dry particle of anthracite; 4—wetted particle of
anthracite; 5—data of Pawar et al. [35]. A—agglomeration; SS—stretching separation.
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Figure 12. Interaction regime maps for used motor oil droplets colliding with carbonaceous particles
of coals of different ranks at ∆ = 1, Rd = Rp = 1.1–1.2 mm: 1—dry particle of coking coal filter cake;
2—wetted particle of coking coal filter cake; 3—dry particle of anthracite; 4—wetted particle of
anthracite. A—agglomeration; SS—stretching separation.

After the points were plotted on the regime map, the boundary between agglomeration
and stretching separation was identified. Then a boundary connecting these points was
drawn, if 95% of the points were within the limits of a certain regime area. The true
boundary is a curve with a multitude of bends, so an approximation curve was drawn.

At ∆ = 1 and Rd = Rp = 1.1–1.2 mm, stretching separation dominated agglomeration
(Figure 11) at We = 8–40 for all the cases of a water droplet colliding with a coal particle.
Agglomeration was only recorded at B <0.2 for all the coal ranks. Additional experiments
with an increase in the Weber number to 60–80 established that only stretching separation
occurs consistently. This result is accounted for by a significant dominance of inertia over
surface tension. The threshold values determined for the input parameters indicate that
consistent agglomeration of a water droplet with a coal particle requires a low relative
velocity. When droplets and particles move simultaneously, a low relative (resultant)
velocity can be achieved by changing the impact angle. Figure 11 compares the experimental
data with the results obtained by Pawar et al. [35] in the experimental study of the collisions
between a water droplet with a radius Rd of 1.45 mm and a spherical glass particle with a
contact angle of 70–80◦. The differences in the transition boundaries between interaction
regimes are explained by different shapes: solid coal fragments in the present experiments
versus the regular spherical shape of solids in the experiments by Pawar et al. [35]. Despite
the differences in the solid objects’ (particles’) shapes, the boundaries obtained from the
analysis of the present experimental findings and the study by Pawar et al. [35] look
identical on the regime maps and differ only in the transient (critical) values of B and We.
This suggests that the experimental procedure and scheme developed in this study can
be used in a wide range of applications with particles of different materials. The location
and form of the transition boundaries between agglomeration and stretching separation in
Figures 9 and 10 are similar because of a minor change in the contact angle of coal. The
contact angle is a crucial factor, as the other parameters (droplet and particle sizes, droplet
velocity, density, viscosity and surface tension of water (Figure 9) and oil (Figure 10))
remained constant.

The most important property of used motor oil is its high viscosity compared to
distilled water. It promotes fewer fluctuations in the shape (surface transformation) of the
droplet moving in gas. High liquid viscosity also contributes to the formation of a smaller
number of child droplets [51], which somewhat slows down the secondary atomization of
droplets. Yet when a composite fuel is produced by the separate injection of its components,
the high viscosity of used motor oil leads to an increase in the agglomeration region on the
regime map. Figure 12 presents the interaction regime map for used motor oil droplets
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colliding with carbonaceous particles of coals of different ranks at ∆ = 1. The area of
agglomeration increased significantly relative to the experiments with distilled water on
the axes of the Weber number and dimensionless linear impact parameter. Due to an
increase in the viscous friction forces at low (under 10) We numbers the droplet did not
separate into several fragments even at B > 0.5. The droplet stuck to the coal particle. The
particle shape also had some effect on the collision regime. For instance, when a liquid
droplet collided with a cube- or polyhedron-shaped particle, agglomeration was recorded
until B = 1. At the same time, when particles had sharp edges, the liquid trickled down the
surface, and stretching separation was recorded.

When the approximation curves for the boundaries of agglomeration–stretching sepa-
ration during the interaction of water (Figure 9) and used motor oil droplets (Figure 10)
with coal particles were plotted, equations were obtained such as the following:

B = nWek , (1)

The empirical constants n and k are summed up in Table 3. In Equation (1), the
coefficient k depends on the type of liquid and is constant for water (k = −1.1) and used oil
(k = −0.79). The coefficient k is lower for oil than for water due to the physical properties
of used oil (higher viscosity and lower surface tension). The approximation coefficient
n in the Equation (1) makes it possible to factor in the effect of changing coal properties
(moisture and ash content). The relationship between the free term n and the ratio of the
fuel moisture content (Wa) to ash content (Ad) takes the form:

n = 2.789(Wa/Ad)/((Wa/Ad)0.518 - 0.2485) in the interaction of a water droplet with
a coal particle;

n = 5.453(Wa/Ad)/((Wa/Ad)1.345 + 0.0908) in the interaction of an oil droplet with
a coal particle.

Table 3. Empirical constants.

Coal Rank/Liquid
Distilled Water Used Motor Oil

n k n k

Coking coal filter cake 4.349

−1.1

4.385

−0.79

Wetted particle of coking coal filter cake 5.907 7.828

Brown coal 3.323 5.546

Coking coal 3.535 4.734

Anthracite 2.893 5.193

Wetted particle of anthracite 8.432 6.261

The moisture content (Wa) and ash content (Ad) were used in the analysis of the
findings, as these parameters have a significant effect on the collision of a droplet with
a solid particle or substrate in a real furnace. The moisture content affects the filling of
the solid material pores. The higher the moisture content, the fewer irregularities and
pores there are on the solid material surface. That increases the energy used to overcome
friction when liquid spreads over the surface. With highly porous solid materials, the liquid
will move on the peaks of irregularities, whereas the pores filled with air will practically
not retard its movement. The ash content of a material shows what proportion of it will
remain after pyrolysis and combustion in a high-temperature environment. This parameter
is important for industrial plants when calculating the amount of energy released from
the fuel combustion or combustible gases emitted in its pyrolysis. Thus, the higher the
ash content, the more the material surface after combustion/pyrolysis will resemble the
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original one. It will thus be possible to predict the parameters of the collision of a droplet
with a solid particle or substrate with greater accuracy.

The agglomeration and stretching separation boundaries on the B(We) maps during
the collisions of water and oil droplets with dry and wetted particles (Figures 11 and 12) are
described by the power function (1). The empirical constants are summed up in Table 3. The
general form of approximations indicates that despite the significantly varying properties
of water and oil, the conditions of the interaction of liquid droplets with solid particles are
quite similar. It is an important finding for practical applications. The calculated approx-
imation coefficients make it possible to predict threshold shifts in transition boundaries
between the collision regimes for different fuel mixture components.

3.3. Collisions of Liquid Droplets with Solid Substrates

For a more extensive study of the effect of the near-surface properties of the material,
additional experiments were conducted with monolithic coal fragments and pressed pellets
from ground coal. Such conditions correspond to applications in which coal is wetted
before its thermal treatment in pyrolysis, gasification and combustion technologies. The
images in Figures 13–15 indicate that the main factors responsible for the occurrence of
one of the interaction regimes are the resultant velocity and size of droplets. Both of these
parameters are factored into the Weber number. Apart from that, the properties of the hard
surface also had a significant effect on the occurrence of regimes. A lower velocity was
required for separation when a liquid droplet collided with a monolithic coal fragment
than when it collided with a pressed pellet.
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Figure 13. Images of collisions of distilled water droplets with substrates in the form of monolithic
anthracite fragments at varying droplet sizes, Ud = 2.6 m/s: (a)—droplet Rd = 2 mm; (b)—droplet
Rd = 1.6 mm; (c)—droplet Rd = 1.3 mm; (d)—droplet Rd = 1.1 mm.
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anthracite fragments at varying droplet impact velocities, Rd = 1.1 mm: (a)—droplet at Ud = 0.9 m/s
(We = 30); (b)—droplet at Ud = 2.6 m/s (We = 200); (c)—droplet at Ud = 3.3 m/s (We = 300).
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Figure 15. Images of collisions of distilled water droplets with substrates of anthracite when varying
the substrate type, Rd = 2 mm, Ud = 2.6 m/s: (a)—monolithic fragment; (b)—pressed pellet.

Figure 13 shows the images of collisions of distilled water droplets with carbonaceous
substrates in the form of monolithic anthracite fragments when varying the droplet sizes in
the range of Rd = 1.1–2 mm. It is clear from Figure 13a–с that droplet size has a minor effect
on the separation of droplets and formation of secondary fragments at a constant velocity
Ud of 2.6 m/s. When a distilled water droplet with a radius Rd of 1.1–2 mm collides with a
carbonaceous substrate, separation occurs consistently. It is noteworthy that the impact
angle has a significant effect on the collision regime. It is varied by changing not only the
direction of spraying through the nozzle but also the inclination angle of the solid surface.
In this study, this factor was not varied. An identical scheme of the droplet–substrate
interaction was considered.

Figure 14 shows the images of collisions of distilled water droplets with carbonaceous
substrates in the form of monolithic anthracite fragments when varying the droplet impact
velocity. Agglomeration was the regime in which the interaction with a solid surface did not
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produce secondary fragments. On impact, the liquid enveloped the particle (Figure 5e,f).
In the case of a substrate, the agglomeration regime was when the droplet spread over
it (Figure 14a). Child droplet formation was considered to be the separation regime
(Figure 14b,c). It is clear from Figure 14b,c that at droplet impact velocities of 2.6 m/s, their
collisions with a carbonaceous substrate lead to separation. However, at impact velocities
of 0.9 m/s, agglomeration occurs (Figure 14a).

Figure 15 presents the images of collisions of distilled water droplets with carbona-
ceous substrates at a constant radius of droplets Rd of 2 mm and velocity Ud of 2.6 m/s
when varying substrate types. Separation was recorded in the collision of a droplet with a
substrate irrespective of its type. Based on the data obtained, collision regime maps were
plotted for agglomeration and separation during the collision of a droplet with pressed
(Figure 16) and monolithic (Figure 17) coal substrates. It can be concluded that with an
increase in the contact angle, separation requires lower Weber numbers. The critical Weber
number variation for different types of coals corresponds to 227–260. The experimental
results with the filter cake of coking bituminous coal were significantly different from the
general trend in the other tests in terms of the threshold conditions of transition to separa-
tion. In particular, this regime required the critical Weber number in the range of 292–300.
Such a specific aspect is conditioned by a greater porosity of pellets from filter cake and the
presence of fine coal dust particles facilitating the cohesion of liquid with the solid surface.
Some particles ground to a size of 60 µm were additionally atomized under the press.
This provided a more uniform surface than that of pellets from different coal ranks. The
absence of voids, cavities and protruding particles contributed to a more even spreading
of liquid droplets over the surface without their secondary atomization. Moreover, better
wettability of pressed pellets compared to other surfaces may have an additional effect on
the threshold conditions of the transition from agglomeration to separation. The presence
of surface-active flotation agents on the particle surface reduces the contact angle for the
pellets from filter cake to a minimum (Table 2).
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Figure 17. Interaction regime maps for distilled water droplets colliding with carbonaceous substrates
when varying coal rank and substrate, Rd = 1.4 mm: 1—pressed pellet from filter cake of coking coal;
2—monolithic fragment of filter cake of coking coal; 3—pressed pellet from anthracite; 4—monolithic
fragment of anthracite. A—agglomeration; S—separation.

It is possible to control the constant size and density of pellets from ground coal. Actual
fuel technologies employ coal particles atomized to certain sizes. Despite the possibility
of controlling the surface quality with a high degree of precision, it is interesting to vary
the critical Weber numbers in the experiments with monolithic coal fragments. To that
end, the monolithic samples were cut and polished on two sides to achieve smoothness
and maintain the sample inclination angle on the substrate. Figure 17 presents a collision
regime map factoring in the effect of a substrate type and angle on the outcomes of the
droplet–surface interaction. It is clear that in the collision of a droplet with a monolithic
coal fragment surface, droplet atomization and separation require lower Weber numbers. A
decrease in the critical We for the monolithic fragment of coking coal filter cake compared
to the pressed pellet was approx. 18%. For anthracite, Wecr decreased by 22–24%. One
of the reasons for a lower critical Weber number is local defects of the coal surface (the
presence of pores and projections). The samples exposed to water droplets later lost their
strength, cracked and were destroyed even under minimal impact. However, the main
reason for a reduction in Wecr is the surface quality. Table 2 shows that the contact angles
of the monolithic fragments are much greater than those of the pressed pellets. Droplets
encountered greater resistance during spreading, though a smaller area of contact of the
liquid with the surface led to stress concentration in the liquid. If the surface tension forces
were overcome, the droplet spread immediately. In that case, inertia dominated viscosity
and surface tension, thus leading to droplet separation.

An important parameter to be taken into account when studying the collisions of a
droplet with a solid surface is the maximum spread diameter. It is characterized by the
maximum spread factor (βmax), which is determined as a ratio of the maximum diameter
of the droplet (Dmax) to its pre-collision diameter (Dd). Two approaches—empirical and
theoretical (based on the energy equation)—are most frequently applied to finding the
Dmax/Dd ratio. The empirical approach implies that with high viscous forces in the
spreading droplet, the maximum spread factor is determined from the interaction of
inertia with viscosity. βmax is taken to follow the power law: βmax~nWek [52–55] and
βmax~nWekRem [56–59].

One of the widely used methods to predict the spreading of a droplet over a surface
is the method relying on the energy equation. When a liquid droplet collides with a solid
surface, the energy equation can be written as [60]

Ek1 + ES1 = ES2 + Ed (2)
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where Ek1 =
(

1
2 ρU2

d

)(
π
6 D3

d

)
is the kinetic energy of the droplet before the collision (J);

ES1 = σπD2
d is the surface energy of the droplet before the collision (J); ES2 =

π
4 D2

maxσ(1 − cosθa)

is the surface energy after the collision (J); Ed = π
3 ρU2

dDdD2
maxRe−0.5 is the energy lost to viscous

dissipation (J).
Using Equation (2) and the energy components, Pasandideh-Fard et al. [60] obtained

an equation to determine the maximum spread factor:

βmax =
Dmax
Dd

=

√√√√ We + 12

3(1 − cos θa) + 4
(

We/
√

Re
) (3)

Figure 18 presents the typical curves for the interaction of distilled water and used
motor oil droplets on a pressed pellet from anthracite versus the We number. The curves
are described by an exponential function. At higher We numbers, the values of βmax
for water and oil differ almost twofold, although the surface tension of oil is 2.2 times
as low as that of water. This can be explained by the fact that in the interaction of a
used motor oil droplet with a pelletized coal sample, the viscous friction forces dominate
inertia due to the high viscosity of the liquid (it is more than tenfold as high as that of
water). Figure 18 also presents the values of βmax calculated from Equation (3). In the
calculations, the dynamic contact angle θa was assumed to be constant at different We
numbers and equaled 75◦ for water and 126◦ for oil. The maximum discrepancy between
the experimental and theoretical values was found to be no more than 15% at low We. This
is accounted for by the fact that at low velocities of droplets before their interaction with a
solid surface, the spreading is significantly affected by the characteristics of the surface of
the material (wettability, roughness and chemical inhomogeneity). Equation (3) does not
take into account the characteristics of the surface with which a droplet collides. At higher
velocities, the influence of inertia is greater than that of the surface forces, and the effect of
surface roughness and wettability is lessened. With an increase in the Weber number, the
discrepancy between the theoretical and empirical values becomes smaller.
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droplets (3, 4) to the initial diameters of droplets interacting with a substrate from anthracite versus
the Weber numbers. 1, 3—experimental research findings; 2, 4—values calculated from Equation (3).

Table S1 (Supplementary Materials) presents the known critical values of dimen-
sionless numbers describing the regime boundaries for the interaction of droplets with
substrates [61–68] and particles [35,69–74]. In the study of droplet collisions, the liquid
under consideration was water; the materials of particles and surfaces were metal, glass
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and polymers (e.g., aluminum [63,64,67] and glass [35,63,66,73]). The collision regime maps
were plotted in the Oh(Re), We, Re(T*) and T(We) coordinates for the interaction of droplets
with substrates and in the B(We), ∆(We), Oh(Re) and We(T) coordinates for the interaction
with particles. In this study, when droplets collided with coal surfaces and separation
occurred, OhRe1.25 was no less than 134 (in the collision of a distilled water droplet with a
monolithic anthracite fragment), which is consistent with the data [61]. The comparison of
the characteristics of the interaction of different liquid droplets with a Perspex substrate
reveals that splashing (separation) occurred at We > 156 (100% jet fuel) and We > 156 (wa-
ter) [62], whereas in the collision of a water droplet with different coal substrates separation
occurred at We = 198–293 (Figures 16 and 17). As noted by Yan et al. [74], not only the liquid
properties and impact velocity (droplet kinematics), but also the physical properties of
the surface have a significant effect on the collision outcome. These include its wettability,
roughness and temperature. It has been established [63] that with an increase in roughness
(estimated from the average roughness of the surface) Wecr decreases according to the
logarithmic law. An analysis of Table S1 indicates that in the interaction of liquid (water,
isopropanol) droplets with particles, the boundary between agglomeration (deposition)
and separation corresponds to We ≈ 50 [35,70–72]. A rise in the particle surface temper-
ature above the liquid boiling temperature increases the critical Weber number [69]. In
this study, separation (splash/ breakup/disintegration) in the collisions of distilled water
droplets with coal particles occurred at lower Weber numbers (We > 15 and B > 0.2). This
phenomenon can be attributed to the fact that the studies considered in Table S1 dealt with
polished spherical particles. In this study, coal particles had an irregular geometric shape,
and their surface texture was characterized by inhomogeneous roughness, which led to
earlier separation. With used motor oil, separation occurs at higher Weber numbers than it
does with water (We > 50 and B > 0.2), which is consistent with the previous studies. In
particular, Rein et al. [75] established that an increase in the liquid viscosity should delay
splashing. Thus, the findings obtained in the conducted research are fundamental for the
development of technologies of contact interaction of droplets with particles involved in a
wide range of applications.

4. Conclusions

(i) Following the conducted experiments, collision regime maps for droplets and
solid particles were constructed in the system of coordinates taking the dimensionless
impact parameter and the critical Weber number into account. Stretching separation and
agglomeration regimes were distinguished. Differences were identified in the way the
droplets of a combustible and noncombustible component interact with particles of coal of
different ranks (brown and coking coal, filter cake of coking coal and anthracite).

(ii) The comparison of the droplet–particle and droplet–droplet collision regimes
revealed conditions when the regimes on the maps are identical and significantly different.
In particular, agglomeration that is analogous to coalescence in the case of droplet–droplet
collisions occurs within the whole range of B and at We < 8. When droplets interact with
each other at these Weber numbers, bounce is most frequent. Increasing the Weber number
to 40 resulted in agglomeration at B < 0.2, whereas in the collision of droplets with each
other, there was separation. These specific aspects are to be considered when the jets of
different components are mixed in combustion chambers for the formation of composite
liquid fuel droplets or their secondary atomization.

(iii) The research findings are of interest within the field of developing the technologies
of secondary atomization of liquid droplets and agglomeration of particles and droplets.
Specifically, these technologies make it possible to solve the common problems of composite
fuel sticking on the flow channel walls of nozzles and the separation of CWSP components
after primary atomization with spray systems. The constructed interaction regime maps
for dry and wetted particles colliding with liquid droplets help predict the conditions for
the consistent formation of two- and three-component fuel droplets.
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describing the regime boundaries; Video S1: Images of droplet–particle collision in the agglomeration
regime; Video S2: Images of droplet–particle collision in the stretching separation regime.

Author Contributions: Conceptualization, P.S. and P.T.; methodology, K.P. and P.T.; investigation,
A.I., K.P. and P.T.; writing—original draft preparation, A.I., P.T. and P.S.; writing—review and editing,
A.I. and P.S. All authors have read and agreed to the published version of the manuscript.

Funding: The Research was supported by the Russian Science Foundation (project 18-71-10002-π,
https://rscf.ru/en/project/21-71-03001/, accessed on 30 July 2021).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Ad ash content, %
b linear approach parameter, m
B dimensionless linear interaction parameter
Dd droplet diameter, m
Dmax maximum spread diameter of the droplet, m
Ek1 kinetic energy of the droplet before the collision, J
ES1, ES2 surface energy of the droplet before and after the collision, J
Ed energy lost to viscous dissipation, J
Nti number of child droplets;
rd radius of child droplets, m;
Rd, Rp droplet and particle radii, m;
S0 droplet surface area before interaction, m2;
S1 surface area of post-collision secondary droplets, m2;
Ud velocity, m/s
T* dimensionless temperature;
T temperature, ◦C;
V0 total volume of the droplet before interaction, m3

V1 total volume of droplets after interaction, m3

Re Reynolds number
We Weber number
Wecr critical Weber number
Wa moisture content, %
Oh Ohnesorge number
n, k, m empirical coefficients
Greek symbols
αd impact angle
βmax maximum spread factor
θa dynamic contact angle
∆ Particle–droplet size ratio
µ dynamic viscosity, Pa·s
ρ liquid density, kg/m3

σ surface tension of liquid, N/m
Abbreviations
A agglomeration
S separation
SS stretching separation
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Odziomek, M.; et al. The Optimal Diameter of the Droplets of a High-Viscosity Liquid Containing Solid State Catalyst Particles.
Energies 2022, 15, 3937. [CrossRef]

12. Jiang, P.; Xie, C.; Luo, C.; Meng, W.; Yang, G.; Yu, G.; Gong, Y.; Xu, M.; Wu, T. Distribution and Modes of Occurrence of Heavy
Metals in Opposed Multi-Burner Coal-Water-Slurry Gasification Plants. Fuel 2021, 303, 121163. [CrossRef]

13. Chu, R.; Li, Y.; Meng, X.; Fan, L.; Wu, G.; Li, X.; Jiang, X.; Yu, S.; Hu, Y. Research on the Slurrying Performance of Coal and
Alkali-Modified Sludge. Fuel 2021, 294, 120548. [CrossRef]

14. Adnan, M.A.; Hidayat, A.; Hossain, M.M.; Muraza, O. Transformation of Low-Rank Coal to Clean Syngas and Power via
Thermochemical Route. Energy 2021, 236, 121505. [CrossRef]

15. Adnan, M.A.; Xiong, Q.; Hidayat, A.; Hossain, M.M. Gasification Performance of Spirulina Microalgae–A Thermodynamic Study
with Tar Formation. Fuel 2019, 241, 372–381. [CrossRef]

16. Zeng, S.; Zhou, H.; Qian, Y. Review and Techno-Economic Analysis of Coal Pyrolysis to Liquid and Oil Shale to Liquid Processes.
CIESC J. 2017, 68, 3658–3668. [CrossRef]

17. Shadrin, E.Y.; Anufriev, I.S.; Butakov, E.B.; Kopyev, E.P.; Alekseenko, S.V.; Maltsev, L.I.; Sharypov, O. V Coal-Water Slurry
Atomization in a New Pneumatic Nozzle and Combustion in a Low-Power Industrial Burner. Fuel 2021, 303, 121182. [CrossRef]

18. Zhu, M.; Zhang, Z.; Zhang, Y.; Liu, P.; Zhang, D. An Experimental Investigation into the Ignition and Combustion Characteristics
of Single Droplets of Biochar Water Slurry Fuels in Air. Appl. Energy 2017, 185, 2160–2167. [CrossRef]

19. Yan, M.; Shi, Y. Thermal and Economic Analysis of Multi-Effect Concentration System by Utilizing Waste Heat of Flue Gas for
Magnesium Desulfurization Wastewater. Energies 2020, 13, 5384. [CrossRef]
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