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Abstract: The main barrier to the wide use of composite liquid fuels in the energy sector is the
significant sedimentation of solid particles during fuel storage and transportation. As a result, the
composition of fuel slurries changes quite fast and considerably when yet another portion of fuel is
pumped from a storage tank. Stabilizing additives are one of the possible solutions to this problem.
The technology of primary and secondary slurry fuel atomization is generally considered promising
for obtaining a spray of small fragments (droplets and particles). This way, droplets of liquid
components and solid particles can be produced with a size of less than 10 µm. A fuel aerosol with
particles and droplets this small burns out rapidly. The most effective secondary droplet atomization
technology is based on their microexplosive breakup in combustion chambers by superheating
the water in the fuel to exceed its nucleation (boiling) point. As part of this research, we studied
the impact of the main stabilizing additives to slurry fuels on droplet breakup behavior: heating
time until breakup, breakup delay and duration, and the number, size, and velocities of secondary
fragments. Soy lecithin and sodium lignosulfonate were used as stabilizers. The main components
of the fuel slurries were water, rapeseed oil, diesel fuel, coal processing waste (filter cake), coking
bituminous coal, soy lecithin, and sodium lignosulfonate. Droplets were heated at an ambient gas
temperature ranging from 450 to 1050 K until the breakup conditions were achieved. Mathematical
expressions were obtained for the relationship between input parameters and the key characteristics
of the process. Principal differences and overall patterns of droplet breakup were established for
slurries with and without stabilizing additives.

Keywords: coal–water slurries; stabilization; additives; microexplosive droplet breakup; microexplo-
sion; child droplets

1. Introduction

The problems of coal-dependent energy providers around the world are mostly related
to high anthropogenic emissions from the combustion of natural solid fuels [1,2]. A highly
potential solution to these problems is based on burning these fuels as part of blends with
various additives [3,4]: water, slimes, heavy coal-tar products, resins, biomass, etc. Each of
these additives makes it possible to vary the technological, economic, environmental, and
energy performance indicators of power plants fired by composite fuels [5,6]. In particular,
a multicriteria analysis has shown [7,8] that water-based slurry fuels exceed natural solid
fuels in the relative performance parameters. As a result, the so-called composite liquid
fuels became widely known [9,10]. These fuels are commonly classified into coal–water
slurries with petrochemicals [11] and without petrochemicals [12,13]. These fuel types are
highly viscous since they normally contain 30% to 60% of solid particles [14]. Hence, the
layer structure of such fuels changes quite significantly during their storage in reservoirs
and transportation, and so does the structure of jets and separate droplets formed during
atomization. This affects the temperature and concentration fields in the combustion
chamber, fuel combustion efficiency, environmental indicators of plant operation, etc.
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Composite liquid fuels are notable for solid particle sedimentation and agglomeration
in droplets, intensifying the fuel stratification [15–17]. Emulsified and slurry fuels are
conventionally stabilized with the help of a set of additives, with oils, solvents, soy lecithin,
and sodium lignosulfonate being regarded as the most promising ones [16,18]. These
stabilizing additives can vary the fuel properties in a controlled manner during storage and
transportation. Coal–water slurry fuels generally hold more potential for northern regions
with their abundant reserves of natural solid fuels [19]. In this case, the composition
of slurry fuels needs to be kept stable at low ambient temperatures, and this is when
soy lecithin and sodium lignosulfonate are useful [16,18]. It remains unstudied how
the stabilizing additives to slurry fuels affect the droplet breakup behavior upon intense
heating (i.e., the so-called secondary atomization directly in the combustion chamber). Such
breakup may proceed in several regimes. Emulsified and slurry fuels typically break up in
the puffing regime [20,21] when liquid fragments break off from the surface of the parent
droplet throughout the entire heating time (and fuel droplets are heated for most of their
residence time in a combustion chamber). Droplets with immiscible flammable (e.g., diesel,
kerosene, rapeseed oil, etc.) and nonflammable (water) components more often exhibit
microexplosion [22,23] to form an aerosol of small fragments within a short heating time. By
varying the concentrations of liquid flammable and nonflammable components in droplets,
one can change the break-up regimes (from microexplosion to puffing or back), critical
conditions (heating times and threshold temperatures), and outcomes (size and number
of secondary fragments). It is important to analyze the impact of stabilizing additives to
slurry fuels on droplet breakup behavior in a wide range of temperatures. This was the
motivation of the present research.

The aim of this research is to experimentally determine the effect of stabilizing addi-
tives to promising slurry fuels (that would prolong their homogeneous structure) on droplet
evaporation, dehydration, and breakup behavior in the puffing and microexplosion regimes
upon intense heating. Current fundamental results of limiting conditions for suspension
fuels droplet fragmentation was based on new methods of preparation stabilized CWS and
CWSP fuels [24]. New findings presented in this paper are important in atomization of
stabilized fuels inside combustion chambers to increase combustion efficiency alternative
types of fuels.

2. Materials

Coal–water slurries with (CWSP) and without petrochemicals (CWS) are blends of two
to four components. CWSP generally consists of solid and liquid parts, and each of them
may contain several combustible and noncombustible components or additives. Table 1
presents the main thermophysical and transport properties of CWS and CWSP components
used in the experiments.

Table 1. Thermophysical and transport properties of CWS and CWSP components at T = 300 K
[14,25].

Material Properties

Water ρ = 1010.7 kg/m3; C = 4244.5 J/(kg·K); k = 0.61 W/(m·K); µ = 0.0011 Pa·s; L = 2.44 MJ/kg; Psat = 3324.6 Pa
Rapeseed oil ρ = 870.6 kg/m3; C = 2352.1 J/(kg·K); k = 0.17 W/(m·K); µ = 0.0056 Pa·s; L = 0.34 MJ/kg; Psat = 0.0008 Pa
Diesel fuel ρ = 743.7 kg/m3; C = 2215.0 J/(kg·K); k = 0.14 W/(m·K); µ = 0.0013 Pa·s; L = 0.35 MJ/kg; Psat = 21.03 Pa
Bituminous coal ρ = 1367.1 kg/m3; C = 1293.4 J/(kg·K); k = 0.26 W/(m·K)

Bituminous coking coal (type K) was used as the solid combustible component. The
total mass fraction of the solid components in CWS and CWSP was taken as 50 wt.%.
Rapeseed oil and diesel fuel with a mass fraction of 1 wt.% were used as liquid combustible
components. Distilled water is a typical liquid nonflammable component with a mass
fraction of 49–50 wt.%. For the microexplosive breakup to occur, a CWSP must contain
both the combustible and the chemically inert component (water). The main stabilizing
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additives to composite fuels were soy lecithin [16], rapeseed oil (GOST 31759-2012) [18],
diesel fuel [17], and sodium lignosulfonate [26] as one of the promising polymer stabilizers.
Coal processing waste (type K filter cake) is also considered a promising solid component
of fuel slurries. Experiments were also performed with slurries based on the same type of
bituminous coal as the filter cake to compare their breakup behavior. Table 2 presents the
results obtained from the ultimate and proximate analysis of solid components.

Table 2. Ultimate and proximate analysis of filter cake and coals.

Sample Wa, % Ad, % Vdaf, % Q, MJ/kg Cdaf, % Hdaf, % Ndaf, % St
d, % Odaf, %

filter cake – 26.46 23.08 24.83 87.20 5.090 2.05 1.022 4.46
bituminous

coal 2.05 14.65 40.19 29.76 79.79 4.486 1.84 0.868 13.016

Measurements of the solid fuel properties presented in Table 2 were based on standard
analytical instruments and methods. The calorific value of the solid fuels was determined
in accordance with ISO standards [27,28]. Ash content and volatiles were determined
according to the procedures reported in [29]. The elemental composition of solid fuels was
determined using the vario MICRO cube Elementar according to the procedure in [30].

Bituminous coal and filter cake are polydisperse materials containing small particles
with an average size of 20–30 µm and large ones with a size of 180–200 µm. The research
of breakup behavior required a narrower particle size range, so bituminous coal and filter
cake were first dried in a furnace at 105 ◦C for 2.5 h and then ground in a high-speed rotor
mill (Pulverisette 14 with a final fineness ranging from 0.08 to 6 mm and rotor speed from
6000 to 20,000 rpm). To obtain the required particle size, the resulting components were
sieved using an ANALYSETTE 3 SPARTAN sieve shaker (sieving time 3–20 min., particle
size ranging from 20 to 140 µm). As a result, the particle size did not exceed 90 µm.

Composite fuels were then prepared in the following stages. Water and additives
were stirred with an AIBOTE ZNCLBS-2500 magnetic stirrer (stirring time ≈ 10 min, bar
rotating speed 1500 rpm). Then the solid components were poured into the container and
the slurry was stirred for about 15 min until homogeneous. Bituminous coal and filter
cake were poured gradually into the container to avoid agglomeration. The required mass
fraction of components was determined using a Vibra AF 225DRCE analytical balance with
n increment of 10−6. Table 3 lists the fuel mixtures used in the research.

Table 3. Slurry fuels used in the experiments.

Short
Name

Components

Filter Cake Bituminous Coal Water Sodium Lignosulfonate Diesel Rapeseed Oil Soy Lecithin
wt.% wt.% wt.% wt.% wt.% wt.% wt.%

K50W49LI1 50 – 49 1 – – –
K50W49D1 50 – 49 – 1 – –
K50W49R1 50 – 49 – – 1 –
K50W49LE1 50 – 49 – – – 1

K50W50 50 – 50 – – – –

C50W49LI1 – 50 49 1 – – –
C50W49D1 – 50 49 – 1 – –
C50W49R1 – 50 49 – – 1 –
C50W49LE1 – 50 49 – – – 1

C50W50 – 50 50 – – – –

3. Experimental Technique

The intense breakup of slurry fuel droplets can be provided using different heating
schemes with the dominating convective [31,32], radiative [33], conductive [34,35], or
mixed [36,37] heat exchange. Droplet microexplosion occurs after the longest heating
time in a tubular muffle furnace (model reactor or combustion chamber of a power plant)
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compared to the conductive droplet heating on a substrate [38]. However, the longer the
heating time, the more secondary fragments with minimum sizes are produced [39,40].
Previous research has shown [41] that microexplosion and puffing occur in any of the above
heating schemes but in certain temperature ranges depending on droplet composition, type,
size, and heating rate [42]. The characteristics of secondary fragments can be recorded using
high-speed cameras [39,43,44]. The heating scheme affects the velocities and trajectories
of secondary fragments and, hence, the accuracy of recording their main characteristics
(number, size, velocity, trajectory, momentum, component composition, etc.). An alcohol
burner flame was used as the heating scheme for slurry fuels in this study. The analysis of
the findings in Ref. [33] shows that parent droplets should be heated in flames to provide
the most accurate monitoring of the number, size, velocity, component composition, and
energy of secondary fragments. When heated in flames, parent droplets break up into the
greatest number of secondary fragments compared to droplet heating in a muffle furnace,
on a substrate, or in a heated air flow [33]. That is why this was the scheme of choice for
the present research (Figure 1). The burner flame heating scheme simulates the wildfire
conditions and combustion chamber conditions where radiant heat exchange prevails.
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Figure 1. Experimental scheme with an alcohol burner (a); temperature measurement scheme in the
recording area (b). The total errors in temperature (time) measurements were estimated as ±45 K
(±0.1 s).

The high-temperature flame zone was created with the help of a burner based on
ethanol (maximum temperature: 1150 K) (Figure 1). The temperature in the flame of
the alcohol burner was recorded using a system featuring a National Instruments data
collection module and fast thermocouples with a measurement accuracy of at least ±3 K
and a response time of less than 0.1 s. To calibrate the system, the flame temperature was
measured in several sections at different distances with an increment of 0.5 cm from the
burner. The temperature measurement scheme and data are given in Figure 1b.

The droplets were introduced into the test zone using a positioning mechanism with
a holder—a nichrome wire, 0.2 mm in diameter. The test zone was lit using a MultiLed
QT lamp head to improve the image contrast of the parent and child droplets. The lamp
head had the following parameters: 15◦ lens; 12,000 Lumen (white), 150 W. Light intensity
(0–100%) was controlled by a MultiLed G8 controller. The droplet heating, evaporation,
and breakup were recorded using a slow-motion video camera (Phantom Miro M310).
The frame rate was set at 1000 pps (512 × 512 pix resolution). The resulting footage was
processed in the Phantom Camera Control software. During processing, we recorded the
delay of slurry fuel droplet breakup, total drying times of slurry fuels, parent droplet size,
along with the number, sizes, and velocities of secondary fragments. The systematic errors
in the measurement of the above characteristics did not exceed 0.002 s for times, 0.025 mm
for sizes, and 0.05 m/s for velocities. The size of droplets was measured when they reached
the heating zone. The droplet diameter was measured in two sections, and then the average
droplet diameter was written as D = (D1 + D2)/2 and the radius as Rd = D/2.
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The number (Ncd) and size (rcd) of secondary droplets were determined using an in-
house software code written in Mathematica (for more details, see Ref. [45]). We explored
the footage of the experiments, looking for the patterns of droplet breakup into secondary
fragments. The frames of interest were imported into Mathematica in tiff format. The
two-liquid droplet breakup outcomes were analyzed using an application that searched for
the binarization threshold, and then the main engine identified the elements and calculated
their number and size with respect to the scale factor. Each part involved background
subtraction. Secondary fragments were highlighted using the key functions of the main
engine: Morphological Binarize and Median filter. To calculate their number and sizes,
each highlighted object was represented in the form of a spherical droplet of the same
dimensions as the highlighted object. The size of secondary droplets was determined with
an accuracy of at least ±4%.

4. Results and Discussion
4.1. Droplet Behaviors

We used the following terms for the analysis of the research findings: droplet swelling,
drying, destruction, and intact state. By droplet swelling we mean an increase in the droplet
size due to lower effective density of the fuel composition and higher vapor pressure.
Drying is the release of volatile components from the porous structure of fuel blends.
Destruction occurs when fragments break off from the parent droplet due to higher vapor
pressure in the porous structure of fuel blends. Intact state means no significant changes in
the droplet shape and no fragments breaking off upon heating. Figure 2 presents typical
snapshots showing the patterns of liquid film evaporation, near-surface layer dehydration,
and fragmentation of C50W49D1 (a), C50W49LE1 (b), C50W49LI1 (c), C50W49R1 (d), and
C50W50 (e) blends at Ta ≈ 450 K and Rd0 ≈ 1.0 mm. Droplets of fuel blends with different
effective viscosities had different shapes on the same holder. When droplets of these fuels
are injected using various atomizers, their shapes follow the same patterns: droplets take
an ellipsoidal, spherical, disk shape, etc. At the same time, earlier experiments [46–48] have
shown that the shape of a moving droplet transforms continuously, though more slowly
with an increase in the liquid viscosity. Note that the shape of CWS and CWSP fuels is not
always spherical even in practical applications because it contains a high concentration
(more than 50%) of solid particles. Typical videoframes of droplet breakup in puffing and
microexplosion modes are shown in Supplementary Materials A.

The experiments showed two breakup regimes occurring for different physical reasons.
In particular, droplets of the compositions without flammable liquids broke up after they
were dehydrated and their porous structure was filled with water vapor. Afterward, due to
an increase in the water vapor pressure, some of the fuel broke off from the droplet surface.
If a blend contained a flammable liquid, the vapor bubble nucleation was intensified at the
interface between water and liquid combustible component. Droplets were heated more
rapidly if they contained solid particles. The latter also served as vaporization centers upon
intense heating. The videos obtained using high-speed recordings do not make it possible
to observe bubble nucleation near the liquid/liquid interface or around solid particles.
In the near-surface layers, however, these effects were observed quite consistently. The
slurry droplet surface tended to dry somewhat, followed by local vapor bubble nucleation
and implosion, which, in turn, was followed by puffing of liquid and solid particles. The
larger the droplet volume was, the more the droplet surface deformed with consecutive
solid particle surface drying in the near-surface layer, vapor bubble nucleation and growth,
droplet swelling, bubble implosion, separation of liquid fragments, entrainment of small
solid particles, and large agglomerates breaking off when the dehydrated remnants of the
composite droplet broke up. The analysis of physical patterns in the processes under study
has shown that solid particles accelerate droplet heating due to an increase in the thermal
conductivity and diffusivity. Faster heat exchange, however, does not give enough time for
cascade bubble nucleation and growth inside the droplet and at its surface. A liquid film
rapidly evaporates from the droplet surface, and the particle surface dries. It is important
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to keep a certain balance between the thermal processes and mass exchange processes to
intensify the vaporization and boiling in a heterogeneous droplet. Note that child droplets
initially break up due to relatively high velocity splash toward the upstream part. Then,
child droplets fall freely by gravity force. Typical video-frames of droplet breakup with
different coal particle concentrations are shown in Supplementary Materials B.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 19 
 

 

Figure 2. Images showing the evaporation, drying, and breakup of C50W49D1 (a), C50W49LE1 (b), 

C50W49LI1 (c), C50W49R1 (d), and C50W50 (e) at Ta ≈ 450 K and Rd0 ≈ 1.0 mm. 

The experiments showed two breakup regimes occurring for different physical 

reasons. In particular, droplets of the compositions without flammable liquids broke up 

after they were dehydrated and their porous structure was filled with water vapor. Af-

terward, due to an increase in the water vapor pressure, some of the fuel broke off from 

the droplet surface. If a blend contained a flammable liquid, the vapor bubble nucleation 

was intensified at the interface between water and liquid combustible component. 

Droplets were heated more rapidly if they contained solid particles. The latter also served 

as vaporization centers upon intense heating. The videos obtained using high-speed re-

cordings do not make it possible to observe bubble nucleation near the liquid/liquid in-

terface or around solid particles. In the near-surface layers, however, these effects were 

observed quite consistently. The slurry droplet surface tended to dry somewhat, fol-

lowed by local vapor bubble nucleation and implosion, which, in turn, was followed by 

puffing of liquid and solid particles. The larger the droplet volume was, the more the 

droplet surface deformed with consecutive solid particle surface drying in the 

near-surface layer, vapor bubble nucleation and growth, droplet swelling, bubble im-

Figure 2. Images showing the evaporation, drying, and breakup of C50W49D1 (a), C50W49LE1 (b),
C50W49LI1 (c), C50W49R1 (d), and C50W50 (e) at Ta ≈ 450 K and Rd0 ≈ 1.0 mm.

The comparative analysis of the footage from the CWS and CWSP experiments in-
dicates significant differences between droplet breakup regimes with each of the added
components. At the same time, the temperature range of consistent breakup differed sig-
nificantly for droplets of different component composition. The greater the concentration
of solid particles in a droplet, the faster it reached the breakup temperature. The required
temperature was lower, but the breakup was quite weak. Large agglomerates were the
most frequent outcome. Two-liquid droplets without solid particles typically broke up in
the puffing and microexplosion regime to form a large number of small liquid fragments.
The longer it took for a droplet to reach the breakup temperature, the more secondary
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fragments were formed in the process. A high proportion of water in such initial droplets
led to a transition from microexplosion to puffing. Three-component droplets (for instance,
based on water, coal, and oil) also broke up in two regimes: puffing and microexplosion.
The component concentration played a fundamental role in the regime transition. In partic-
ular, the microexplosion could be intensified by increasing the concentration of the liquid
combustible component and minimizing the proportion of solid particles and water in a
fuel slurry.

The breakup regimes of composite liquid fuel droplets containing solid particles were
found to depend greatly on the surface properties of those solid particles. For instance,
we compared the heating and breakup behaviors of composite droplets based on coal and
filter cake. Under identical heating conditions, droplets with coal particles broke up more
intensely than composite fuels based on filter cake. This effect was observed throughout
the temperature range under study. It can be attributed to the significantly different surface
properties of the filter cake and coal. Filter cake particles were more hydrophilic. Liquid
penetrated the pores between particles and was retained in the heterogeneous structure.
Coal particles became wet after being in contact with water for a longer period of time. The
preparation of slurries based on water and coal particles took a longer time than that of
filter-cake-based slurries. The coal washing technology that produced the filter cake played
a fundamental part. Such technology often uses special flocculants, so the solid particles
were covered with wetting agents. These substances reduce the contact angle and increase
the agglomeration of liquid droplets and solid particles [49]. Under such conditions, the
breakup of composite droplets requires more outside effort than for droplets containing
coal particles.

The CWS and CWSP droplet breakup regime was significantly affected by the temper-
ature and velocity of the oncoming air flow (and, hence, the heat flux). For instance, the
experimental series established that consistent droplet breakup requires certain average
ambient gas temperatures (450 to 850 K). At relatively low temperatures (under 450 K), the
thermal energy is not enough for water boiling and droplet breakup. Under such conditions,
the near-surface layer of a droplet heats steadily, the liquid evaporates, and solid particles
are dried. The latter, however, do not break off from the main droplet because there is no
pressure from the inside, i.e., no vapor bubble nucleation. At high temperatures (more than
850 K), rapid liquid evaporation was observed from the near-surface layer. Owing to rapid
vaporization in a closed space, the solid particles breaking off from the droplet surface are
suppressed by the increasing pressure of the gas–vapor mixture. Another important factor
is the high temperature and radiant heat flux from the flame, which intensifies the pyrolysis
of solid particles. The inflow of volatiles also intensified the increase in the gas–vapor
mixture pressure around the droplet, which limited the heating and vaporization rates.
Changes in the air flow velocity near the particles of composite fuels also exhibited a signif-
icant impact on their heating and breakup behavior. A transition from natural to forced
convection intensified the heat exchange near the droplet surface, accelerated its heating,
causing small solid particles to break off from the surface and the droplet to deviate from
a spherical shape. These processes contributed to leveling out the temperature field of a
droplet; there were fewer local superheating zones. As a result, microexplosions occurred
very rarely, and puffing was observed in most cases. However, if an air jet with a moderate
temperature flowed around a droplet, its near-surface layer was dried, large agglomerates
of solid particles fractured in this layer, and the particles were entrained from the surface.
Such conditions are considered highly ineffective at intensifying droplet breakup to provide
the secondary atomization of composite droplets.

The initial size of liquid droplets significantly affects their breakup regime and out-
comes. This factor also manifested itself in the experiments. In particular, the liquid steadily
evaporated from the near-surface layers without breakup in a wide temperature range
when the droplets were less than 1 mm in size. With an initial droplet size of more than
1.5 mm, the shape of such droplets deformed considerably within a short period of time.
The position of such a droplet became unstable. It broke off from the holder to fall under
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gravity. Droplets of different component composition broke up when heated only if their
initial size fell into the range of 1 to 1.5 mm. These patterns are typical of two- and multi-
component droplets. They correlate well with earlier established patterns for two-liquid
droplets breaking up in the puffing and microexplosion regimes [42].

Antonov et al. [31] analyzed how the holder and the schemes of droplet placement
on it affected the microexplosive breakup delay and outcomes. They established that
the lower the temperature of the heating medium and the smaller the initial droplet size,
the greater this impact. They compared the contribution of different holder materials to
droplet heating until its microexplosive breakup. A nichrome wire, 0.5 mm in diameter,
provides the minimum interference (compared to steel, iron, ceramic, and other holders).
This is the holder that we used in the present research. Another important pattern that
was not mentioned in the earlier research [31] manifested itself in the experiments with
droplets containing solid particles: the particles settled on the holder surface, and even
more so when heated. That is why it was necessary to minimize the droplet residence
time on the holder surface before introducing it into the heated gas. It was important to
intensify droplet heating before significant changes in their structure due to solid particle
sedimentation and agglomeration on the holder surface. The impact of this factor could be
easily observed when monitoring the experimental data scattering in terms of the breakup
delay time and secondary fragment size. If these characteristics scattered by more than
15–20% relative to the average values, it was necessary to shorten the droplet residence
time on the holder.

A major effect on solid particle sedimentation and agglomeration on the holder surface
comes from the stabilizer used in the experiments. All the stabilizers we used minimized
the sedimentation of solid particles, but the duration and scale of their influence differed.
For instance, the positive effect of diesel fuel and oil for multicomponent droplets only
lasted a short time: droplet stratification and solid particle sedimentation began 30–40 min
after the droplets were produced. When adding soy lecithin or sodium lignosulfonate,
droplet stratification was not observed for several days. This suggests that the stabilizers
strengthened the layers due to changes in the interface and surface tension and minimized
the impact of the holder on the droplet breakup behavior.

From the typical video images shown in Figure 2, specially developed MatLab software
was used to analyze droplet sizes and shapes before breakup. Video frames showing the
evolution of the sizes and shapes of droplets before breakup were transferred into avi
format. These were used as input for the software. The video frames were then transferred
into a sequence of 8-bit black and white images. In the following step, the binarized of
images was performed. The binarization threshold was selected individually for each series
of experiments. The area occupied by the holder was subtracted from the binarized images.
In the next step, a special function, based on the algorithm of morphological reconstruction,
was applied to “fill the gaps” in the images produced during the binarization process. The
main steps for postprocessing the sizes and shapes of droplets are shown in Figure 3.
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4.2. Temporal Characteristics of Droplet Evaporation, Drying, and Breakup

Figure 4a shows the temporal characteristics of the liquid film evaporation and near-
surface layer dehydration before the breakup of K50W49LI1 droplets. Note that droplet
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breakup was always earlier than droplet ignition. You can clearly see (Figure 4a) the
consecutive stages of droplet swelling, vapor filling the pores, and droplets growing in size
due to an increase in the pressure inside the pores filled with water vapor throughout the
ambient temperature range from 950 to 1150 K. Then, we observe a decrease in the droplet
size by up to (D/D0)2 ≈ 0.8–0.85 until all the moisture evaporates. The maximum value of
(D/D0)2 ≈ 1.05 was recorded at Ta ≈ 1150 K. Figure 4b presents the temporal characteristics
of K50W49D1 droplet evaporation and drying until breakup. Just as Figure 4a, Figure 4b
shows the consecutive stages of droplet swelling, vapor filling the pores, and droplets
growing in size due to an increase in the pressure inside the pores filled with water vapor
throughout the temperature range from 950 to 1150 K. The droplet size then decreases by up
to (D/D0)2 ≈ 0.8–0.85 until all the moisture evaporates, as in Figure 4a. The typical time of
droplet swelling (initial size increase) did not exceed 2 s, the time of water vapor filling the
pores was up to 5 s until the subsequent size increase began, and the droplet size decreases
until full moisture evaporation took up to 15 s. The maximum value of (D/D0)2 ≈ 1.05 was
recorded at Ta ≈ 1150 K. Overall, droplets of slurry fuels under study exhibited quite a
moderate size increase compared to emulsion droplets and immiscible two-liquid droplets
studied earlier [42]. This result should be underlined as the most significant one, because it
demonstrates the limited conditions of droplet swelling as droplets travel in a slurry fuel jet.
This makes spraying more even, minimizes droplet enlargement near the atomizer head,
increases the distance covered by the fuel jet in the combustion chamber, and improves
the efficiency of the fuel filling the chamber. Otherwise, due to droplet enlargement at the
swelling stage, the jet angle increases due to gravity, and the fuel aerosol fills the chamber
to a lesser extent. As a result, more fuel settles on the combustion chamber walls. The
fuel combustion efficiency decreases, while the anthropogenic emissions increase. These
effects are unlikely for slurry fuels under study because (D/D0)2 < 1.1. The total errors in
temporal characteristics of droplet evaporation and drying until breakup were estimated
as ∆(D/D0) = ±0.007.
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K50W49LI1 (a) and K50W49D1 (b) (Rd0 = 1.3 ± 0.1 mm): 1—Ta = 950 ± 30 K; 2—Ta = 1050 ± 30 K;
3—Ta = 1150 ± 30 K.

Figure 5a presents the temporal characteristics of droplet evaporation and drying until
breakup for blend K50W49R1. The duration of droplet swelling (initial size increase) did
not exceed 2 s, the time of water vapor filling the pores was up to 7 s until the subsequent
size increase began, and the droplet size decreases until full moisture evaporation took up
to 15 s. The maximum value of (D/D0)2 ≈ 1.025 was recorded at Ta ≈ 1050 K. Figure 5b
presents the data for blend K50W49LE1. In contrast with Figure 4, Figure 5b shows the
consecutive stages of water vapor filling the pores and droplets growing in size due to
an increase in the pressure inside the pores filled with water vapor, without the initial
droplet size growth, throughout temperature range from 950 to 1150 K. Then, we observe a
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decrease in the droplet size by up to (D/D0)2 ≈ 0.65–0.75 until all the moisture evaporates.
The duration of water vapor filling the pores was up to 12 s until the subsequent size
increase began, and the droplet size decreases until full moisture evaporation took up to
8 s. The maximum value of (D/D0)2 ≈ 1 was observed at the initial moment at all ambient
gas temperatures.
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Figure 5. Temporal characteristics of droplet evaporation and drying until breakup for blends
K50W49R1 (a) and K50W49LE1 (b) (Rd0 = 1.3 ± 0.1 mm): 1—Ta = 950 ± 30 K; 2—Ta = 1050 ± 30 K;
3—Ta = 1150 ± 30 K.

Figure 6a presents the temporal characteristics of K50W50 droplet evaporation and
drying until breakup. Figure 6a, just as Figure 5, presents the consecutive stages of water
vapor filling the pores and droplets growing in size due to an increase in the pressure
inside the pores filled with water vapor, without the initial droplet size growth, throughout
temperature range from 950 to 1150 K. Then, we observe a decrease in the droplet size
by up to (D/D0)2 ≈ 0.8–0.85 until all the moisture evaporates. The time of water vapor
filling the pores was up to 8 s until the subsequent size increase began, and the droplet
size decreases until full moisture evaporation took up to 12 s. The maximum value of
(D/D0)2 ≈ 1 was observed at the initial moment at all ambient gas temperatures. Figure 6b
presents the data for blend C50W49LI1. It shows that the blends containing sodium
lignosulfonate do not exhibit the stages of droplet size growth both at the start of heating
due to droplet swelling and in the course of heating when the pores of the fuel blend are
filled with water vapor followed by a pressure growth in those pores. This indicates that the
addition of sodium lignosulfonate stabilized the fuel composition C50W49LI1 (no droplet
swelling or breakup was observed). We only established the times of the fuel composition
heating until complete evaporation of moisture from the droplets (15 to 30 s, depending
on the initial conditions: droplet size and ambient gas temperature). The lowest value of
(D/D0)2 ≈ 0.73 was recorded at Ta ≈ 950 K.

Figure 7a shows that the replacement of filter cake with coal of the same rank triggers
a transition of heated droplet behavior from drying to breakup. At the same time, the
presence of flammable and nonflammable liquids in the composition was an important
condition for droplet breakup. When the low-boiling component reached the critical
superheating degrees, it evaporated rapidly. The vapors of the low-boiling component
filled the pores of the fuel blend. The subsequent increase in the vapor pressure in the
pores led to CWSP droplet fragmentation. The indicator (D/D0)2 increased by up to
1.5 times at Ta ≈ 450 K. Importantly, the droplets broke up actively at relatively low
ambient gas temperatures (Ta ≈ 450 K). At higher temperatures (Ta ≈ 950 K), no droplet
breakup was observed because CWSP droplets were heated rapidly, the liquid combustible
component evaporated, a flammable gas–vapor mixture was formed, and it ignited to
form a dense shell on the surface. The pressure of the water vapor formed during water



Appl. Sci. 2022, 12, 12271 11 of 19

superheating was not enough to break up the parent droplet into an array of small secondary
fragments. The critical values of (D/D0)2 did not exceed 1.05. Figure 7b presents the
temporal characteristics of C50W49R1 droplet evaporation and drying until breakup. The
curves (Figure 7b) are very close in shape to those shown in Figure 7a. However, when
rapeseed oil was added as the flammable liquid, the values of (D/D0)2 were up to 1.7 times
higher (Figure 7b). This happened because rapeseed oil has higher heat capacity and
vaporization heat, and boiling and ignition temperature [33]. A droplet containing rapeseed
oil heats rather slowly. Conditions are formed in which the temperature of the liquid/liquid
interface can reach the water boiling point. As a result, droplets break up extensively to
form fuel aerosol. For these reasons, along with its high fire and explosion safety and
environmental indicators [50], rapeseed oil is generally considered the most appealing
additive to slurry fuels.
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Figure 8a presents the characteristics established for C50W49LE1 droplets. The shape
of the curves (Figure 8a) is very close to that shown in Figure 7. However, when soy lecithin
was added, we recorded low values of (D/D0)2—up to 1.2 times lower than without it
(Figure 8a). Figure 8b presents the temporal characteristics of C50W50 droplet evaporation
and drying until breakup. We found that coal-based CWSP droplets without additives do
not break up. CWSP droplet breakup is triggered by the flammable liquid intensifying
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water vaporization and vapor filling the droplet pores. In other words, the vaporization
centers in the form of coal particles are not enough to intensify breakup when a blend does
not contain a liquid combustible component. A liquid combustible component plays an
important role for a number of reasons. First, owing to high absorption properties, the liquid
combustible component intensifies the accumulation of the radiant energy supplied to the
droplet, and more heat is accumulated in the deeper layers. Second, the high viscosity of a
flammable liquid provides the cohesion of all the droplet components, its near-surface layer
is reinforced, the energy supplied is accumulated, and the vapor bubbles nucleating at the
water/flammable liquid interface are retained, growing inside the droplet and deforming
it, so favorable conditions are created for droplet breakup in the microexplosion regime.
Third, the evaporation of the liquid combustible component leads to higher concentrations
of flammable gases near the droplet surface. This intensifies the energy accumulation in
this zone due to gas radiation. Moreover, the initiation of chemical reactions in this zone
intensifies droplet heating and accelerates its destruction.
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The trends presented in this section make it possible to track the stages of droplet
surface deformation on heating. When constructed in a unified coordinate system, these
trends deepen the insight into the principal differences between the evaporation, swelling,
boiling, and breakup of droplets with different component compositions. These patterns
are necessary to develop up-to-date models simulating the size variation dynamics of
multicomponent droplets in combustion chambers during injection and subsequent at-
omization. The trends demonstrate the contribution of each component to the processes
under study, i.e., at which stage this or that component begins to play a fundamental role,
for instance, slowing down or accelerating droplet evaporation, swelling, and breakup.
It is especially important to single out the trends for different ambient gas temperatures.
They are necessary for the rational choice of temperature ranges providing the maximum
droplet surface deformation and the generation of an aerosol cloud with the largest possible
number of secondary fragments.

The experimental footage has shown that the breakup process caused a certain volume
of the droplet to break off from the holder. Quite a large volume of the droplet remained
on the holder. The ratios of the escaping and puffing volume of the liquid to the volume
remaining on the holder varied considerably in the experiments with different component
compositions. For instance, no more than 20% of the initial droplet volume puffed in the
experiments with the compositions based on filter cake. However, in the experiments with
droplets containing water, coal, and a liquid combustible component, more than 90% of the
initial droplet volume disintegrated and broke up into an array of small fragments. These
processes heavily depended on ambient conditions (air flow temperature and velocity)
and droplet sticking to the holder surface. Then, due to boiling and rapid evaporation
followed by ignition, a solid crust was formed on the holder surface, which increased
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the surface roughness and the surface area. These conditions intensified heat and mass
transfer, phase transitions, and chemical reactions. Such effects do not manifest themselves
in real combustion chambers due to the absence of metal holders, but the sequence of
processes and phenomena occurring when droplets are injected into combustion chambers
and stick to their walls are similar. To minimize these effects, it is important to add liquid
combustible components to slurries based on filter cakes and other coal processing wastes.
Coal-based slurries are less susceptible to these effects. That is why the injector settings for
spraying two- and three-component coal-based mixtures can be varied in a wider range.

The critical durations of droplet heating until breakup obtained in this research can
help predict the typical distances covered by droplets in combustion chambers. In this
research, the initial sizes of fuel droplets were chosen as somewhat larger (1–1.5 mm) than
recommended for spraying (as a rule, 50 to 250 µm) [51] in the combustion chambers of
power plants. This is motivated by our commitment to considering all the stages of the
processes under study in detail, tracking the patterns of droplet surface deformation, and
specifying the contribution of each component to the processes of evaporation, boiling,
breakup, and ignition. The experimental data obtained earlier for a wide range of droplet
sizes (0.5 µm to 1.5 mm) [42] and microexplosive breakup models [22] make it possible to
predict the critical conditions (in particular, the sufficient temperatures and typical heating
durations) for the breakup of droplets with compositions similar to those presented in this
research. In particular, if the initial droplet size of coal–water slurries with and without
petrochemicals is reduced to 250 µm, the typical durations of their heating until intense
breakup do not exceed 0.5 s. The results of the corresponding predictions are important for
determining the composition-specific critical and advisable conditions of intense droplet
breakup in combustion chambers.

The droplet diameter ratios at different stages of their heating and deformation pre-
sented in this research make it possible to predict the variation ranges in the droplet surface
area ratios throughout their lifetime. These ratios are important for estimating the intensity
of droplet heat exchange in combustion chambers. For instance, it was established that
ratio of the surface area of secondary fragments to the initial surface area of the parent
droplet was 5–10 for the conditions under study. The maximum value equaled 10 and
corresponded to the compositions containing rapeseed oil and coal. These values are clearly
lower than those reached by two-liquid droplets without solid particles: 100 to 200 [42].
The main reason is in the fundamental role of solid particles in the droplet composition.
These particles agglomerated actively within a droplet due to their high relative concentra-
tions. The resulting agglomerates only broke up after the surface and pore space became
significantly drier. Thus, the secondary to initial droplet surface area ratios can be increased
by minimizing the proportion of solid particles in droplets or by increasing the heating
times until water boiling.

The analysis of droplet breakup behavior in a gas at maximum ambient gas tempera-
tures has established that the stages of droplet breakup and ignition may alternate. This
happens due to several simultaneous processes. Which of these that occurs first is impor-
tant. For instance, if a droplet contains a flammable liquid with a high vaporization rate
(diesel) and a solid combustible component with a high percentage of volatile substances
(brown and bituminous coals), then high-temperature heating leads to a relatively fast
gas-phase ignition. This process accelerates the increase in the number of pores in the
droplet and intensifies its breakup into a cloud of small liquid fragments. If a droplet
contains filter cake, its ignition leads to the formation of a dense solid crust on the surface
of an agglomerate of solid particles. This effect slows down the droplet surface deformation
and breakup.

The analysis of the experimental footage helped us identify a crucial role of the air
flow oncoming on a droplet when determining the conditions of its intense breakup. This
role is quite significant for all the component compositions under study. The influence of
the air flow manifested itself in the intensification of the moisture evaporation from the
near-surface layer of a droplet, its surface deformation due to the growing aerodynamic
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forces, the increase in the number and sizes of the pores in a multicomponent droplet,
and the separation of solid particles and small volumes of liquid from the surface. In the
experiments, a droplet was suspended on a holder, which prevented its swirling. As the
droplet falls, its surface deforms more intensely due to the droplet translation and rotation.
That is why the role of the oncoming air flow will be more significant in real furnaces than
in the experiments.

The scattering of the experimental data on the duration of a typical breakup stage
did not exceed 0.2 s, and the data on critical diameters did not scatter by more than
0.05 mm. The main reasons for the scattering were as follows: initial droplet size and shape
oscillations from one experiment to another, vibration of the experimental setup, and the
variable parameters of the environment (pressure, humidity, etc.). The analysis shows
how much the value of the characteristics under study can potentially deviate for different
applications, fuel types, thermal conditions, and combustion chamber designs.

4.3. Generalization of Experimental Data

According to the analysis presented in Figures 4–8, droplets of stabilized fuels do not
break up unless they contain a flammable liquid. Figure 9 presents the generalized experi-
mental data on the maximum values of (D/D0)2 (a) and τ/(D0)2 (b) against temperature for
different puffing fuel compositions described in this paper together with compositions with
a small share of solid components (slurries) and without them (typical two-liquid droplets),
as presented in earlier works [52–56]. The curves show clearly that the value of (D/D0)2

max
can reach 3.5 for nonstabilized fuels and does not exceed 1.75 for stabilized ones. The higher
values of (D/D0)2

max at low temperatures are also an interesting and important result. In
the case of fuels with added solid particles, this is caused by the solid crust formed at high
temperatures and preventing the droplets from enlarging before breakup. As for fuels
without solid particles, this happens because the total breakup conditions are achieved at
smaller critical radii of bubbles.
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temperature for different fuel compositions in the course of breakup: 1—C50W49D1 (current study);
2—C50W49R1 (current study); 3—diesel [52]; 4—DCe-0.05 [52]; 5—DCe-0.25 [52]; 6—P25BD75 [53];
7—P50BD50 [53]; 8—P75BD25 [53]; 9—HE30 [54]; 10—E10 [55]; 11—E30 [55]; 12—E50 [55];
13—water/kerosene [56]; 14—water/diesel [56]; 15—water/rapeseed oil [56].

The experimental findings have shown that stabilizing additives have a counter-
vailing effect on droplet heating and breakup behavior. In such cases, it is important
to determine the droplet breakup efficiency factor reflecting the heating delay, the re-
quired ambient gas temperature, the average size and number of secondary fragments,
and the increase in the liquid surface area. The corresponding relative efficiency fac-
tor of secondary atomization in the microexplosive breakup regime have the maximum
values at the minimum breakup delay times, sufficient ambient gas temperature, and
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maximum number of secondary fragments with their minimum size. Using the multi-
criteria comparative analysis [15,57], we generalized the experimental data obtained for
the stabilized blends of C50W49D1 and C50W49R1, and the two-liquid droplets of wa-
ter/kerosene, water/diesel, and water/rapeseed oil [56] according to the following formula:

P = Tmin
g × (D/D0)

2
max × τ, where Tmin

g =
Tmin

g
450 is the relative gas temperature limit of

droplet breakup, (D/D0)
2
max =

(D/D0)
2
max

3.36111 is the relative maximum normalized droplet
diameter, and τ = 1.18356

τ is the relative droplet breakup time. Constant values in the
equation for P refer to the case of two-liquid droplets without coal particles [38].

It was established (Figure 10) that the maximum value of the droplet microexplosion
efficiency factor was 0.98 and it was typical of the compositions containing water/kerosene.
These values correlate with the earlier studied emulsified compositions and two-liquid
droplets [42]. The efficiency factor was 0.95–1 for such compositions. The values of this
efficiency factor may reach 1 given the required ambient gas temperature, heat flux, initial
droplet size, and component composition. Stabilization of fuel slurries is one of the key
factors for industrial use. The fuel blends used in the experiments are notable for rather
high sedimentation stability providing the required slurry storage time (about four days
of fuel reserves for typical power-generating facilities: boiler units and thermal power
stations). The use of stabilizing additives (soy lecithin, sodium lignosulfonate, rapeseed oil,
and diesel) does not only provide high stability by building a well-ordered structure of a
fuel blend but also increases the blend viscosity by about 1.5 times. In some cases, however,
the fluidity class of the samples may change (transition from class A to class B) while the
viscosity remains within the allowable values not exceeding η = 1000–1200 mPa·s for the
industrial use of slurries. The results obtained create objective premises for developing the
technologies of slurry fuel droplet cloud ignition in combustion chambers of boiler units
accounting for stabilizing additives and the ranges of optimal temperatures and initial
droplet sizes, as listed in Table 4.
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Table 4. Viscosity measurements of slurry fuels used in the experiments.

Short Name Viscosity at γ = 100 s−1 (mPa·s)

K50W49LI1 337.4
K50W49D1 640.8
K50W49R1 735.4

K50W49LE1 431
K50W50 324.1

C50W49LI1 285.6
C50W49D1 277.4
C50W49R1 421.9

C50W49LE1 589.3
C50W50 236.7

5. Conclusions

(i) Soy lecithin and sodium lignosulfonate are the most promising stabilizing additives
to slurry fuels. The conditions for the intense droplet breakup were not observed
when analyzing the parameter (D/D0)2. The value of this parameter did not exceed
1. The transition between slurry droplet breakup regimes depends most heavily
on the addition of a flammable liquid (diesel fuel or rapeseed oil) as well as re-
placement of filter cake with coal. The parameter (D/D0) reached 1.7 during CWSP
droplet breakup.

(ii) The slurry droplet breakup delay time was most significantly affected by the addition
of a flammable liquid: diesel fuel or rapeseed oil. The shortest breakup delay times
were recorded for the compositions containing diesel fuel as the flammable liquid. In
the initial droplet size range from 0.95 to 1.15 mm, the breakup delay times did not
exceed 10 s. The properties of child droplets were most significantly influenced by the
addition of a flammable liquid: diesel fuel or rapeseed oil. CWSP droplets based on
diesel exhibit higher child-droplet velocities and smaller size than droplets based on
rapeseed oil. The sizes of child droplets fell into a range of 10 to 140 µm, and their
velocities ranged from 0 to 50 m/s.

(iii) A comparative analysis of slurry fuel droplet stabilization and breakup conditions re-
vealed the most promising conditions of their preparation for storage, transportation,
and primary and secondary atomization. The efficiency factor values were calculated
for the secondary atomization of promising fuel droplets induced by microexplo-
sive breakup. These values ranged from 0.25 to 1. The maximum values (0.95–1)
corresponded to water/kerosene droplets.
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