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Abstract: This paper presents findings from an experimental study investigating the secondary
atomization of liquid fuel droplets widely used in the heat and power industry exemplified by
fuel oil and environmentally promising fuel oil/water emulsion. The scientific novelty comes from
the comparative analysis of the critical conditions and integral characteristics of the secondary
atomization of the liquid and composite fuels with the greatest potential for power plants. Here, we
used two fuel atomization schemes: droplet–droplet collisions in a gas and droplets impinging on
a heated solid wall. The temperature of the liquids under study was 80 ◦C. The velocities before
collision ranged from 0.1 m/s to 7 m/s, while the initial droplet sizes varied from 0.3 mm to 2.7 mm.
A copper substrate served as a solid wall; its temperature was varied from 20 ◦C to 300 ◦C. The main
characteristics of droplet interaction were recorded by a high-speed camera. Regime maps were
constructed using the experimental findings. It was established that the critical Weber number was
several times lower when water and fuel oil droplets collided than during the collision of fuel oil
droplets with 10 vol% of water. The secondary atomization of fuel oil/water emulsion droplets by
their impingement on a heated solid wall was found to reduce the typical sizes of liquid fragments
by a factor of 40–50. As shown in the paper, even highly viscous fuels can be effectively sprayed
using primary and secondary droplet atomization schemes. It was established that the optimal
temperature of the fuel oil to be supplied to the droplet collision zone is 80 ◦C, while the optimal
substrate temperature for the atomization of fuel oil/water emulsion droplets approximates 300 ◦C.

Keywords: fuel oil/water emulsion; secondary droplet atomization; collisions; impingement on a
solid wall; secondary fragments

1. Introduction

The coagulation, crushing, and fragmentation of liquid droplets during their interac-
tion with other droplets, solid surfaces, and particles occur in many technological processes.
For example, demulsification and dehydration of the oil/water mixture is accompanied
by coalescence and breakup [1,2]. Particles and drops can collide under the action of
thermophoretic and electrophoretic forces in fluid filtration systems for sulfur recovery [3].
An important role is played by the interaction between drops and particles in spray systems
for cooling surfaces [4,5]. Minimizing the contact time of droplets and a solid surface plays
a decisive role in preventing icing [6]. Droplets of spray-drying agents are deposited after
collision with solid particles (the most widely used method of encapsulation) [7]. The
deposition of thin multilayer films on solid surfaces of various shapes is used in the pro-
duction of sensors, integrated optics [8], polymer electronic devices [9], and drug delivery
systems [10]. Modern technologies of primary liquid fuel atomization are based on spray
nozzles and sprinklers [11,12]. It is necessary to manage the disruption of liquid fuel jets
and droplet flows, as well as obtain the necessary dependences of the jet angle and droplet
size distribution on the geometry of spray nozzles [13]. That requires experimental and
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theoretical research findings, which have been extremely scarce so far. Therefore, secondary
atomization inside the furnace becomes a promising technology [14,15].

The secondary atomization of liquid droplets is used in various applications, such as
fuel spraying in boiler furnaces [16–18], cooling systems [18,19], and heat and mass transfer
equipment [20,21]. Thus, a reliable study of secondary droplet atomization is crucial to
the development of effective spraying technologies. It is necessary to analyze the global
scientific advances in studying these processes and to find promising niches for further
research. In [22], Bachalo generalized the research findings on the formation of sprays
and further behavior of the newly generated two-phase turbulent flow. Arguments are
presented regarding the need to integrate experimentation and modeling [22]. Lefebvre
and McDonell discuss many atomizer types, their applications, and spray properties [23].
Secondary droplet atomization involves various principles and approaches. The most
typical ones are as follows: droplet breakup due to the impingement on a solid surface
(also known as wall impact) [24], disruption of droplets due to their collision with each
other [25,26], puffing and micro-explosive breakup from droplet superheating to the water
boiling point [27,28], and droplet disruption by an air flow (gas jet) [29,30]. The wide use
of secondary atomization schemes for liquid fuel droplets in industrial heat and power
systems may reduce the environmental impact and economic costs of combustion as well
as improve its energy efficiency.

Fuel droplets often collide with walls in internal combustion engines and combustion
chambers [31]. In [32], Buck et al. experimentally studied liquid droplet collisions with dry
and wet walls using the coefficient of restitution (CoR). The CoR characterizes the energy
dissipation during a collision. It is defined as the ratio of the droplet rebound velocity
to its impact velocity. The CoR is found to decrease with an increase in the thickness of
a liquid layer on the wall and the viscosity of that liquid. The analysis of the research
findings in [32] indicates that the authors did not outline the conditions for the occurrence
of different droplet collision regimes. This is especially important for heat and power
equipment, because the disruption regime can provide the largest evaporation surface
area of the resulting fragments. The hydrodynamics of a water droplet impinging on
superheated solid horizontal surfaces were studied by Negeed et al. [33]. The authors
obtained the empirical correlations between the hydrodynamic characteristics of a droplet
impinging on a heated surface, and the Reynolds number and Weber number, as well as
other parameters.

Orme [34] summarized the known data on the collision behavior of fuel droplets
in gases with the following outcomes: bounce (BO), coalescence (CO), separation (SE),
and disruption (DI). An attempt was made to relate the existing findings to a unified
description of droplet behavior at the moment of collision and during their further motion.
Orme hypothesized that the discrepancies in the critical We numbers between different
quantitative studies [34] were caused by the effects occurring on the surface of droplets
and by interfacial conditions. The presence of surface contaminants shown in [35–37],
such as surfactants, can significantly affect the droplet collision process. This statement
was corroborated in [38], where Ashgriz and Givi explored the collisions of burning fuel
droplets in the Weber number range from 1 to 40. The experimentally obtained critical
Weber number was 5–7 for different conditions. The collision behavior of such droplets
differs significantly from the existing data on the interaction between common liquid
droplets. The several liquid aerosol flows are often intermixed at different angles by
intersecting the nozzle spray cones in order to intensify droplet collisions, i.e., secondary
atomization. In this case, the rate of droplet disruption intensity depends heavily on the
Weber number and the impact angle, as well as the viscosity, density, and surface tension
of the liquid. Here, researchers focus on providing an increase in the number of small
fragments produced from the collisions of initial drops, as well as on the impact of the
above parameters [39,40]. Solomatin et al. [41] explored the collisions between droplets of
promising multi-component fuels and determined the conditions for the stable occurrence
of one of the four interaction regimes. The ranges of key parameters providing active
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droplet disruption were determined in the dimensional and dimensionless coordinate
systems. No droplet atomization regime maps based on Weber, Reynolds, Ohnesorge, and
capillary numbers have yet been constructed for promising emulsified fuels to predict the
number of secondary droplets formed under different thermal conditions.

The aim of this research was to investigate the secondary atomization of fuel oil
droplets and droplets of a promising fuel oil/water emulsion colliding with each other in a
gas and impinging on a solid wall; to construct collision regime maps for fuel oil droplets
colliding with each other based on Weber, Reynolds, Ohnesorge, and capillary numbers;
and to determine the free surface area before and after the collision of initial droplets
with each other and with a substrate. This is the first comparative analysis of the critical
conditions and integral characteristics of secondary atomization for droplets of liquid and
composite fuels that have the greatest potential for use in power plants. Scientifically, it
is important to determine how small the collision-produced droplets are and how this
correlates with a set of critical factors and parameters. This was the motivation for the
present work.

2. Materials and Methods
2.1. Type of Fuel

Boilers of thermal power stations and heating plants fired by liquid fuel normally
use fuel oil [42,43]. Fuel oil is known to have certain advantages over other fuel types:
high calorific value (9500 kcal/kg) and low ash content (0.3–0.5%). It also has some
drawbacks: high content of sulfur (about 3.5%), high pour point (25–30 ◦C), and high
viscosity (µ ≈ 0.013 Pa·s at T ≈ 80 ◦C). In addition, spraying of this fuel poses a number of
challenges, in particular, high pressure in the fuel supply system (7–35 bar), large droplet
size (0.1–0.6 mm) significantly affecting the ignition delay, high jet velocities (80–300 m/s),
and small jet angle (42–56◦). To overcome these drawbacks, research teams all over the
world focus on the secondary atomization of liquid and composite fuel droplets.

Fuel oil is promising for the power industry and maritime transport due to its low cost
and high heat of combustion. Fuel oil is a highly viscous fuel that needs to be heated to
60–90 ◦C before use [44], which leads to a 2–6 times reduction in viscosity depending on the
fuel rank and temperature. One of the main problems with fuel oil is its water absorption
during storage and transportation [45,46]. In particular, as-received fuel oil contains up to
1.5% of water (GOST 10585-2013). During maritime and river transportation, water content
in fuel oil increases to 3–5%. In this research, we studied the conditions of water absorption
by fuel oil upon direct steam heating. Fuel oil is heated by injecting fresh steam into it using
pipes or metal-reinforced hoses. This leads to significant steam leaks and water absorption
by fuel oil. Up to 100 kg of steam is used per 1 ton of fuel oil, and water content in the
latter reaches 10% [47]. Fuel oil with higher water concentration foams in open tanks and
pulsates when injected from a nozzle. The combustion of water-containing fuel oil increases
heat losses with flue gases, aerodynamic resistance, and energy demands for the on-site
needs; it also reduces the theoretical combustion temperature, heat transfer in the furnace,
and, hence, the boiler efficiency. Moisture in fuel oil complicates the use of fuel-oil-handling
equipment; it may disrupt the regime of fuel oil combustion due to water clogs preventing
the smooth supply of fuel to spray nozzles; it also complicates the operation of boiler
elements. Elevated water content in sulfur fuel oil exacerbates the corrosion of fuel oil
pipelines and equipment because some sulfur compounds, e.g., hydrogen sulfide, dissolve
in water. At the same time, the combustion of fuel oil with 5–10% of water distributed
in it improves the atomization efficiency, increases combustion stability, and reduces the
content of harmful emissions (nitrogen and carbon oxides, etc.). To account for the moisture
absorbed by fuel oil, we added water to it in a volume concentration of approximately
5%, 10%, 15%, and 30% and mixed the resulting composition using a homogenizer. In
the experiments, we used grade M 100 fuel oil (Rosneft, Russia). Prior to mixing, the
liquids were heated to 80 ◦C on an AMTAST MSH-2 (Amtast USA Inc., Lakeland, FL, USA)
magnetic hotplate stirrer. After mixing, the temperature of the resulting two-component
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liquid was also maintained at approximately 80 ◦C. Table 1 shows the main properties of
the compositions under study.

Table 1. Fuel compositions used in the experiments and their properties. The table also contains data
on the compositions used for the comparison of collision regimes and outcomes.

Composition Name Initial Temperature
Td, ◦C

Density ρ,
kg/m3

Surface Tension σ,
N/m

Dynamic Viscosity
µ, Pa·s

Water 20/80 998/965 0.073/0.063 0.0010/0.00036

Fuel oil 20/80 1016/935 0.052/0.030 3.9/0.013

95 vol% of fuel oil,
5 vol% of water 20/80 1014/937 0.053/0.032 3.02/0.156

90 vol% of fuel oil,
10 vol% of water 20/80 1013/939 0.054/0.033 12.2/0.157

85 vol% of fuel oil,
15 vol% of water 20/80 1012/941 0.055/0.035 14.81/0.238

70 vol% of fuel oil,
30 vol% of water 20/80 1010/946 0.058/0.040 16.73/0.274

CWS (30 wt% coal, 70 wt% water) [41] 20/80 1126/1096 0.247/0.200 0.0033/0.0008

Two-component fuel (30% transformer
oil, 70% water) [41] 20/80 963/930 0.057/0.046 0.0069/0.0012

CWSP (30 wt% coal, 25 wt% transformer
oil, 45 wt% water) [41] 20/80 1064/1034 0.190/0.152 0.0072/0.0013

2.2. Secondary Droplet Atomization Schemes

Four schemes are normally used for secondary droplet atomization: droplet impinge-
ment on a heated solid substrate [33,48], droplet exposure to an air jet [49], droplet–droplet
collisions [39,40], and micro-explosive breakup [50]. As fuel oil is a highly viscous liquid,
using an oncoming air flow to break up fuel oil droplets is not very effective. Due to its
high viscosity, a fuel oil droplet is entrained by an air flow practically without atomization;
its surface only deforms slightly perpendicular to the deformation axis. Micro-explosive
atomization of fuel oil in furnaces is unlikely, because the droplet heating time will be
too long given the low water concentration (below 10%), and the droplet will travel all
the way to the chamber wall without ignition. We focused on two secondary atomization
schemes for fuel oil droplets, namely, droplet–droplet collisions and droplet impingement
on a solid surface. The surface was heated by attaching a laboratory-grade autotransformer
to it. The temperature was monitored using an infrared thermometer (Testo SE & Co.,
Titisee-Neustadt, Germany).

Demidovich et al. [51] reported on the atomization behavior of water droplets im-
pinging on a solid surface. A polished copper (M1) substrate was found to provide the
maximum efficiency in droplet breakup; it is also heated reasonably uniformly due to its
high thermal conductivity. As a result, the heat fluxes are much higher for copper substrates
due to higher thermal conductivity and thermal diffusivity compared to steel substrates.
The higher the heat flux, the more intense the atomization. Substrate roughness plays a
special part in the formation of secondary fragments. The authors of [52,53] showed the
physical reasons for an increase in the number of fine droplets with an increase in the
substrate roughness. When in contact with a smoother surface, droplets most often spread
over it, and a subsequent droplet coalesced with the liquid film on the surface [51]. In
this research, we used a copper surface with a roughness grade of 3 (arithmetical mean
deviation of the profile Ra = 10–20 µm; average peak to valley height Rz = 40–80 µm).

In industrial plants, fuels are mixed using cavitators immediately before combustion,
so emulsion stability is not a key indicator. We used a drop test to estimate the lamination
or stability of the resulting invert emulsion [54]. The drop test was considered successful if
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an emulsion droplet, which was dropped on the water surface, did not mix with water. The
viscosity of the emulsion was measured using a Brookfield DV3T LV viscometer (AMETEK
Brookfield, Middleborough, MA, USA), which comes with four spindles to measure the
viscosity of liquids with µ = 0.001–6000 Pa·s. The spindle speed ranged from 10 rpm to
250 rpm [55]. The shear rate was measured by the viscometer with an accuracy of ±1% in
compliance with ASTM D445 [56]. To measure the viscosity of a liquid, the composition was
placed into a cylinder, which was put into the viscometer. The parameters were recorded
by the RheocalcT software, which automatically controlled and collected data.

The experiments on fuel oil droplets colliding with each other were conducted on a
setup featuring a set of nozzles to provide the fixed droplet size (Rd). For droplet atom-
ization using droplet–droplet collisions, we used a setup from [41] (Figure 1). Droplet im-
pingement on a solid substrate was provided by an experimental setup from [51] (Figure 1).

Figure 1. Scheme of experimental setup for droplet–droplet collisions (a) and droplet impinge-
ment on solid substrates (b): 1—fuel container; 2—fuel feeding nozzle; 3—fuel oil/water emulsion
feeding pipeline; 4—magnetic stirrer; 5—high-speed video camera; 6—collision area; 7—spotlight;
8—collector of liquid fragments; 9—substrate; 10—gas burner.

Liquid fuel was supplied through a pipeline (3) to detachable nozzles (2), which
generated liquid droplets. Water and fuel oil were mixed using a magnetic stirrer (4). In
our experiments, we consecutively generated droplets falling on a solid surface. Due to the
constant droplet size and velocity, as well as the location of the liquid feeding capillaries,
the time between droplets reaching the surface was also constant at approximately 0.1 s.

2.3. Variable Parameters and Recorded Characteristics; Measurement Errors

Droplet atomization was recorded with the help of a Fastcam Photron MINI UX 100
video camera (Photron, Tokyo, Japan) (with a resolution of 1280 × 1024 and a frame rate of
4000 fps). The number of droplets that can be identified in an image depends on the focal
depth of the lens, and the focal depth directly depends on f-numbers. In the experiments,
we used a lens with a focal length of 105 mm, f/16 aperture, and a focus distance of 0.7 m.
The sizes of secondary fragments were measured when they were in focus. The accuracy
of the secondary fragment size measurement on the image is determined by the value of
the scale factor (0.01 mm/pix). The minimum recorded size of a droplet was 0.05 mm.
The droplet velocity in the experiments was controlled by varying the liquid flow rate
through the syringe in a Sino SN-50F6 syringe pump (Sino Medical-Device Technology,
Shenzhen, China) (the accuracy of the flow rate setting was up to 0.1 mL/h). The velocity
was measured using the Photron Fastcam software (by tracking a dynamic object on
the footage). The impact angle was set by varying the angle of the nozzles installed on
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turntables in the same plane relative to each other. The angle was also measured using
the Photron Fastcam software. The distance between the nozzles in the experiments was
36–40 cm. This choice was motivated by the long droplet formation times and distances
caused by the high viscosity of fuel oil and fuel oil/water emulsion. Slight changes in
the distance between nozzles were caused by the variation of their tilt to set the necessary
impact angle. The equipment was calibrated before each series of experiments. For a
syringe pump, we achieved this by measuring the flow rate and the volume of the liquid
pumped. The scale factor for the camera was determined using a reference target. The
viscometer, balance, and stirrer were calibrated in accordance with the recommendations
of their respective manufacturers.

Using the Photron Fastcam Viewer software package, we determined the droplet veloc-
ity (Ud), size (Rd), and impact angle (αd). The systematic error in these experiments was as
follows: 2.1% for droplet velocity measurement, 3% for air flow velocity measurement, 1.6%
for droplet radius measurement, and 2.3% for impact angle measurement. Random errors
are shown as confidence intervals on characteristic curves. The measured parameters were
used to calculate dimensionless numbers, such as the Weber number We = (2·Rd·ρ·Ud

2)/σ,
Reynolds number Re = ρ·2Rd1·Urel/µ, and Ohnesorge number Oh = µ/(ρ·σ·2·Rd)0.5. These
dimensionless criteria are used for generalizing the research findings because they reflect
the joint contribution of different liquid properties. In particular, the Reynolds number
takes into account the inertial force to viscosity force ratio and the Ohnesorge number
reflects viscosity, inertia, and surface tension, whereas the Weber number determines the
ratio of the liquid’s inertia to its surface tension. When calculating the values of the Weber,
Ohnesorge, and Reynolds numbers, we used the size of the smaller droplet from the two
colliding ones according to the methods described in [57–59].

The dimensionless linear interaction parameter B = b/(Rd1 + Rd2) is used to reflect
the impact centricity. Figure 2 presents the schemes used for recording the measurement
parameters of droplet–droplet collisions and droplet impingement on a solid wall.

Figure 2. Recording schemes of the measurement parameters of droplet–droplet collisions (a) and
droplet impingement on a solid wall (b).

To calculate the distance between the droplets’ centers of mass (b) at the moment
of approach, the vector of their resultant velocities was marked off from their centers
of mass (Urel = (Ud1

2 + Ud2
2 − 2·Ud1·Ud2·cos(αd))1/2) (Figure 2). The parameter b is a

segment perpendicular to the vectors marked off in parallel to the resultant velocity vector.
Therefore, the linear impact parameter (B) reflects the droplet sizes and velocities, the
impact angle, and the distance between the droplets’ centers of mass. The linear impact
parameter is a dimensionless linear parameter of a collision describing the centricity of
impacts of the droplets. The value B = 0 corresponds to a frontal collision and B = 1
corresponds to a tangent collision. The parameter B is determined before the collision and
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is the distance b between the centers of two droplets in a plane perpendicular to the relative
velocity vector, and is normalized to the average droplet diameter [57]. The impact angle in
binary collisions of droplets has a significant effect on the resulting velocity of interaction
between droplets. This effect is considered when calculating the resulting droplet velocity
using the least-squares method. The highest kinetic energy during the collision of droplets
corresponds to impact angles close to 0◦ and 90◦ [60]. In this case, the contact area of
the droplets is a maximum, their kinetic energy is also a maximum, and the interaction
proceeds intensively due to internal shear stresses.

The secondary atomization characteristics of colliding droplets were determined by
calculating the ratio of the total free surface area before and after the collisions. The intensity
of the secondary atomization of fuel oil droplets and fuel oil/water emulsion droplets was
determined in the same way. The surface area of initial droplets was given by S0 = 4·π·(Rd1

2

+ Rd2
2) and the surface area of newly formed fragments was written as S1 = 4·π·∑N·rd

2.
In the comparative analysis of S0 and S1, we controlled the equality of the liquid

volumes before and after the collisions. For this equality to hold, the calculated number
of child droplets included the liquid fragments both in and out of focus of the video
camera. All the child droplets were assumed to have the same average size. Preliminary
experiments using three video cameras, reproducing the conditions of three-dimensional
video recording, justified this approach: the number and the average size of child droplets
calculated in this way did not differ by more than 6–8% from the results obtained using
three cameras. A similar calculation was performed for the collision of fuel oil/water
emulsion droplets with a substrate.

The research findings are generalized in the form of the so-called interaction regime
maps [34,38]. Approximately 300 impacts were analyzed to construct such maps. The
number of collisions was not the same in each experiment due to the limited size of the
recording area and different droplet velocities (Ud = 0.1–7 m/s). The regime maps were
constructed in the coordinate system of the Weber number and linear interaction parameter
B, which also indirectly reflected the impact angle αd. Using the experimental points
obtained on the maps, we determined the boundary points reflecting the transition between
fuel droplet interaction regimes. We then plotted a boundary connecting these points. An
approximation boundary line was drawn if 95% of the points were within the domain of a
certain regime. The B(Re), We(Oh), We(Re), and Re(Oh) regime maps were also constructed
in a conventional form [38,61,62].

3. Results and Discussion
3.1. Main Patterns of Collisions under Study

Figure 3 presents typical experimental images illustrating the similarities and differ-
ences between the behaviors of fuel oil, water, and two-component droplets (90 vol% fuel
oil and 10 vol% water).

Fuel oil droplets most often collided in the coalescence and bounce regimes (Figure 3a,b).
When the velocity of fuel oil droplets was less than 5 m/s, the jet did not break up into a
droplet flow due to the high viscosity of this fuel; hence, no disruption occurred. At higher
droplet velocities, a jet broke up into an array of fuel oil droplets. Each of the two colliding
droplets had a thin plume forming behind them and containing droplets less than 0.2 mm.
To provide droplet disruption, water was added to fuel oil and the resulting emulsion was
heated (90 vol% fuel oil and 10 vol% water, T ≈ 80 ◦C). Figure 3c shows the images of
two-component fuel droplets colliding with each other (90 vol% fuel oil and 10 vol% water,
T ≈ 80 ◦C). Two large fragments were formed with a radius of approximately 0.4 mm and
several smaller ones with a radius of no more than 0.05 mm. A similar pattern can be seen
in Video S1.
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Figure 3. Images of droplet–droplet collisions (T ≈ 80 ◦C): (a)—coalescence of fuel oil droplets;
(b)—bounce of fuel oil droplets; (c)—disruption of two-component fuel droplets (90 vol% fuel oil,
10 vol% water); (d)—bounce of two-component fuel droplets (90 vol% fuel oil, 10 vol% water);
(e)—disruption of fuel oil droplets colliding with water droplets; (f)—coalescence of fuel oil and
water droplets.
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Furthermore, collisions between droplets of the two-component fuel (90 vol% fuel oil
and 10 vol% water, T ≈ 80 ◦C) moving at a velocity of less than 2 m/s ended in bounce
(Figure 3d). However, a lot more fragments with radii of approximately 0.1 mm were
formed when water droplets collided with fuel oil droplets (Figure 3e). A fuel oil droplet
crashed into a water droplet and a thin plume of fragments was formed behind it. Some
layers of water and fuel oil were mixed, which resulted in the formation of secondary
droplets of emulsified fuel oil. With an increase in the velocity to 3 m/s, coalescence
occurred (Figure 3f), which led to fuel oil mixing with water.

Figure 4 presents typical experimental images illustrating the similarities and differ-
ences between the collision behaviors of two-component fuel droplets (90 vol% of fuel
oil and 10 vol% of water) with a heated solid surface. To intensify the disruption of fuel
oil/water emulsion, the substrate temperature must be at least 300 ◦C. At this temperature
of the wall, droplets are heated fast enough when impinging on it. These effects are shown
in Video S2. Water boils in a two-component droplet, and vapor bubbles emerge and reach
the droplet surface, so it breaks up into an array of secondary fragments (Figure 4a,b). The
first droplet is observed to stick to a heated substrate; it spreads over the substrate and
heats up. The subsequent droplet acts on the first one, thus destroying it. As a result, a
certain proportion of two-component fuel on a substrate is replaced and starts heating
up. These effects increase the droplet–substrate contact time to intense fragmentation
(see Video S3). However, this process did not take place at a substrate temperature of
approximately 200 ◦C. A droplet evaporated to form a relatively concentrated gas–vapor
mixture (Figure 4c,d).

No significant stratification was observed in parent droplets during the high-speed
recording of fuel oil/water composition droplets colliding with each other in a gas and
impinging on a solid wall. When fuel oil is used as one of the droplet components, the
liquid–liquid interfaces are difficult to identify, even under extra lighting. Fuel oil/water
emulsion stratifies in real production processes leading to a certain variation in collision
regimes and outcomes. The collision regime maps obtained in this research predict the
influence of this factor on the characteristics of the processes under study. In particular,
we further comment on the collision regime maps in comparison with the known data for
slurries and emulsions with significantly different water concentrations. These differences
are important for understanding the potential changes in the operation of secondary
atomization systems for liquid droplets. At the same time, if fuel oil/water emulsions
are prepared and mixed immediately before atomization, the atomization patterns will
correspond to those described above on the basis of the experimental footage analysis.

Figure 4. Cont.
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Figure 4. Video frames of droplets impinging on a heated solid surface: (a,b)—disruption of two-
component fuel droplets (90 vol% fuel oil, 10 vol% water, T ≈ 80 ◦C; Ud ≈ 2.1 m/s) (at Ts ≈ 300 ◦C);
(c,d)—two-component fuel droplets (90 vol% fuel oil, 10 vol% water, T ≈ 80 ◦C; Ud ≈ 2.3 m/s)
impinging on a solid wall (at Ts ≈ 200 ◦C).

3.2. Droplet–Droplet Collision Regime Maps

Figures 5 and 6 show typical collision regime maps in the coordinate systems account-
ing for the dimensionless linear interaction parameter, as well as the Weber and Reynolds
numbers. The dimensionless linear interaction parameter accounts for the distance between
the droplets’ centers of mass and collision centricity. This regime map was used to present
the four collision regimes in one coordinate system for each fuel composition. It showed the
conditions in which one can ensure stable droplet disruption, i.e., their extensive secondary
atomization. The maps indicate the boundaries for the four droplet collision regimes:
bounce, separation, coalescence, and disruption. The regime maps have similar shapes
to those obtained for the collisions of milk [54], hydroxypropyl methylcellulose aqueous
solutions (2%, 4%, and 8%) [63], water, and diesel oil droplets [64]. The transition bound-
aries between regimes are in acceptable agreement. The absolute values of critical Weber
numbers, impact parameters, and other criteria differ due to a significant difference of
liquid properties.
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Figure 5. Collision regime maps of typical compositions accounting for the dimensionless linear
interaction parameter: (a) 1—CWS (30 wt% coal, 70 wt% water) [41]; 2—two-component fuel (30%
transformer oil, 70% water) [41]; 3—CWSP (30 wt% coal, 25 wt% transformer oil, 45 wt% water) [41];
(b) 4—water [41]; 5—fuel oil; (c) 1–4—CWS (30 wt% coal, 70 wt% water) [41]; 5,6—two-component
fuel (30% transformer oil, 70% water) [41]; 7–9—CWSP (30 wt% coal, 25 wt% transformer oil, 45 wt%
water) [41]; 10–13—fuel oil; 14–17—water [41]; 1,5,7,10,14—disruption; 2,6,8,11,15—coalescence;
3,12,16—bounce; 4,9,13,17—separation.

The experimental studies of collisions between fuel oil droplets have shown that these
droplets are unlikely to break up by droplet–droplet collisions. Figure 5a shows that pure
fuel oil droplets collided in the bounce and coalescence regimes. That is why we added 10%
of water to fuel oil. This led to droplet breakup due to their heterogeneous composition.
Droplets of fuel slurry have an unstable geometry (ellipsoid, liquid disk, etc.), which leads
to their disruption at an almost 30% lower inertia compared to water and oil-in-water
emulsions. Adding water to fuel oil reduces the surface tension and viscosity of droplets,
which leads to droplet surface transformation. Droplet homogeneity is also disrupted
because fuel oil droplets contain water droplets, so there are interfaces between liquids
with different viscosity and surface tension. As a result, when such droplets collide with
each other, their internal interfaces separate, and a droplet of fuel oil/water emulsion
breaks up. Intense agitation of the emulsion reduces the size of water droplets within fuel,
which also results in smaller child droplets. High Weber numbers (above 50) are important
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for the majority of practical applications based on the atomization of fuel compositions.
According to the experimental data on CWS (coal–water slurries) and CWSP (coal–water
slurries containing petrochemicals), adding a liquid combustible component to CWS makes
them more viscous. This in turn significantly increases the number of child droplets formed
from the breakup of parent drops. Therefore, CWSP droplets break up more intensely even
at a lower We. Figure 5b presents the fuel droplet collision regime maps in the coordinate
system of the dimensionless linear interaction parameter versus the Reynolds number. The
Reynolds number reflects the viscous forces of a liquid. Heating has a greater effect on the
interaction regimes for slurries than for fuel oil, water, and fuel emulsions, because heating
intensifies the convective heat and mass transfer within droplets. This increases the strain
in droplets, so they break up into a larger number of secondary fragments. In addition,
an increase in the temperature of the liquid results in droplet heating and a reduction in
liquid viscosity.

The analysis of regime maps (Figure 6) has shown that the disruption of fuel oil with
added water occurred at a critical Weber number above 150. However, the disruption
of fuel oil droplets colliding with water droplets occurred at a critical Weber number of
approximately 50. The reason for this is that a water droplet breaks up upon collision and
the resulting secondary fragments of water absorb fuel oil droplets. This results in a higher
ratio of the free surface area of liquid droplets after and before collision (Figure 7). Interest-
ingly, the ratio of the free surface areas after and before collision changes significantly at a
Weber number of 100+. The greatest number of secondary fragments is observed after the
collision of fuel oil droplets with water. By comparing the values of S1/S0, we found that at
a Weber number of approximately 200, droplets of a two-component fuel are atomized 50%
more effectively than those of fuel oil, and fuel oil colliding with water provides a 100%
greater efficiency.

Figure 6. Collision regime maps of typical compositions accounting for the dimensionless linear
interaction parameter: (a) 1—fuel oil; 2—collision of fuel oil and water droplets; 3—two-component
fuel (90 vol% fuel oil, 10 vol% water); 4—two-component fuel (85 vol% fuel oil, 15 vol% water);
5—two-component fuel (70 vol% fuel oil, 30 vol% water); (b) 1–4—collision of fuel oil and water
droplets; 4–6—fuel oil; 7–9—two-component fuel (90 vol% fuel oil, 10 vol% water); 1,5,7—disruption;
2,6,8—coalescence; 3,9—bounce; 4—separation.

For a basic composition with 90% of fuel oil and 10% of water, the most effective sec-
ondary atomization by droplet impingement on a heated wall is provided at a temperature
of approximately 300 ◦C. This can be explained by the Leidenfrost effect at a substrate
temperature of approximately 300 ◦C [44]. When a droplet of fuel oil hits a heated substrate,
it breaks up into a multitude of small fragments and bounces off due to the vapor buffer
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zone. With an increase in the substrate temperature, fewer secondary fragments of a large
size are produced, i.e., the Leidenfrost effect is intensified and a droplet bounces off the sub-
strate. The optimal substrate temperatures are somewhat different for other compositions
used in the experiments. The optimal substrate temperature ranges are specified in our
earlier published studies [51]. It is established that the effective atomization of water slurry
droplets requires the substrate temperature to be higher than the water boiling point but
by no more than 100 ◦C. For emulsions, this temperature is as high as 250–350 ◦C because
of the liquid component, which envelops water droplets, and the corresponding increase in
the intense boiling temperature.

In contrast with droplet–droplet collisions, the following two regimes were observed
for fuel oil droplet impingement on a heated solid wall (Figure 6): spreading of the first
droplet without disruption and fragmentation of falling droplets. Droplets of fuel oil with
added water collided with each other in several regimes: coalescence, bounce, separation,
and disruption (extensive atomization).

Figure 7. Post-collision to pre-collision free surface area ratio against Weber number (a) and Reynolds
number (b): 1—water [41]; 2—two-component fuel (90 vol% fuel oil, 10 vol% water); 3—collision of
fuel oil and water droplets; 4—fuel oil.

Figure 8 shows typical collision regimes in the coordinate systems accounting for
inertia, viscosity, and surface tension (using the Weber, Reynolds, and Ohnesorge numbers).
An effort was made to present the four collision regimes in one coordinate system for
each composition in order to show the conditions that can ensure stable droplet bounce,
separation, coalescence, or disruption. The figure also shows the We, Re, and Oh variation
ranges, in which several regimes may occur under the same conditions. Such conditions
can be considered transient between the corresponding collision regimes. The correlation
of forces is balanced in these ranges, so other factors that are unaccounted for in these
coordinate systems can contribute to the occurrence of separation, bounce, coalescence,
or disruption.

Using We(Oh) and Re(Oh) interaction regime maps, one can single out the variation
ranges of the Reynolds, Ohnesorge, and Weber numbers (Figure 5a,c), in which there was a
relatively stable occurrence of not only disruption and coalescence but also separation and
bounce. Transition zones between regimes are of special interest. In these ranges, the factors
that are normally neglected play an important part, for instance, the droplet shape, head-on
or off-center collision trajectories, etc. Such conditions can only be scrutinized as part of a
comprehensive evaluation using three- or even multi-dimensional coordinate systems.



Energies 2023, 16, 1008 14 of 27

Figure 8. Collision regime maps accounting for inertia, friction, surface tension, and viscosity
according to experimental data (a,b): 1–4—collision of fuel oil and water droplets; 5,6—fuel oil;
7–9—two-component fuel (90 vol% fuel oil, 10 vol% water); 1,5,7—disruption; 2,6,8—coalescence;
3,9—bounce; 4—separation and data from [65] (c) 1—coalescence; 2—separation; 3—disruption.

The analysis of the literature on the collision behavior of heterogeneous droplets
(emulsions, solutions, slurries, and immiscible liquids), for instance [65], indicates the
dominating influence of not just inertia and surface tension but also internal friction
(viscosity) on the interaction behavior of liquid fragments. The interaction regime maps of
water and liquid fuel droplets in the Re(Oh) and We(Oh) coordinate systems show that the
lower the liquid viscosity, the more extensive the droplet coalescence. This holds true even
at high We numbers corresponding to separation and disruption in the B(We) coordinate
system, i.e., when inertial forces exceed surface tension forces.

In the case of highly viscous fuel compositions, droplet–droplet collisions in a gas
followed by their breakup require relatively high resultant velocities and large initial sizes.
Such conditions often imply the significant wear of atomizers due to high injection pressures
and friction forces. That is why it is necessary to estimate the critical conditions for the
transition to the intense fragmentation of highly viscous droplets impinging on heated
solid walls. Schemes that combine droplet–droplet collisions and droplet impingement on
a solid surface produce an aerosol with less energy consumption and equipment wear.

The curves of secondary fragment characteristics against the key collision parameters
presented in Figure 7 are overall monotonic, so the results can be extended to higher droplet
velocities and smaller sizes provided in high-potential fuel systems. Slight variations of
the increase in the number of secondary fragments against droplet velocity and initial size
reflected in the Weber number are caused by the experimentally established changes in the
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energy balance in the collision zone. The results of the corresponding energy analysis are
presented further.

3.3. Fuel Oil Droplets Impinging on a Solid Wall

The experiments have shown that droplet velocity has a decisive influence on the
boundary of transition from spreading to disruption. On average, droplets sized 0.5–2 mm
moving at a velocity above 3–4 m/s collided with a copper substrate heated to approxi-
mately 300 ◦C in the stable disruption regime. The regime map of droplet interaction with
a solid wall in Figure 9 accounts for the Ohnesorge number, which in turn accounts for the
viscosity and surface tension forces. Thus, this map does not consider the impact angle or
the substrate characteristics. This is the main reason for a relatively significant scatter of the
values of the Ohnesorge number. Nonetheless, the transition boundaries between the first
and second regime of droplet interaction with a wall can be tracked relatively clearly when
generalizing the experimental data. This regime map can be used to select the component
composition of fuel oil with a view to intensifying droplet disruption.

Figure 9. Collision regime map for a droplet impinging on a surface accounting for Weber and
Ohnesorge (a), Weber and Reynolds (b), and Reynolds and Ohnesorge (c) numbers. Rounds denote
first droplet spreading and coalescing with subsequent ones; squares refer to disruption: 1,2—two-
component fuel (90 vol% fuel oil, 10 vol% water); 3,4—water [51]; 5,6—two-component fuel (30 vol%
transformer oil, 70 vol% water) [51]; 7,8—slurry (30 wt% coal, 70 wt% water) [51].
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Figure 9a presents the collision regime maps of fuel oil/water droplets with a solid
wall. An important consequence of the research is the established effective substrate
temperature. The substrate temperature has a significant impact on the disruption behavior
of falling droplets. This impact is not always obvious, however. In particular, for the most
effective atomization of fuel oil droplets, the wall temperature should approximate 300 ◦C.
At lower or higher temperatures, fewer secondary fragments were produced. There are
several reasons for this. First, the fuel oil and water evaporation rates are so high on a
substrate at temperatures exceeding 300 ◦C that a droplet does not have enough time to
break up. We observed a rapid outflow of vapors, with their mixing with the oxidizer,
ignition, and formation of a flue gas flow. This is also attributed to the Leidenfrost effect,
which emerges when a droplet collides with a surface whose temperature is much higher
than the boiling point of the liquid. This effect leads to the production of a heat-insulating
vapor layer between the surface and the newly formed liquid fragment. As a result, the
droplet bounces off the surface.

At lower or higher temperatures, fewer secondary fragments were produced. How-
ever, there are several reasons for this. At substrate temperatures below 300 ◦C, the heat
flux supplied from the substrate to the droplet was enough for heating the liquid layers,
reducing the viscosity and surface tension, and spreading over the solid wall, but not
enough for water boiling. As a result, droplets practically stuck to the substrate, and all the
subsequent impinging droplets contributed to the thickness of the fuel film on the substrate
and its cooling. An analysis of experimental video frames has shown that extensive atom-
ization of water/fuel oil droplets on a heated solid surface is possible, when a droplet does
not have enough time to spread and form a large contact area. In other words, a droplet
evaporates so rapidly that the resulting vapors prevent spreading over the substrate. A
droplet floats over the substrate on a buffer vapor layer. In this state, a droplet is less stable.
It breaks up more extensively upon collision with subsequent droplets and the wall; water
also boils more actively. The footage shows that unstable droplets are constantly moving
in all directions including up, towards the subsequent falling droplets. Here, the droplet
shape on a substrate is far removed from spherical. As a result, the collision energy of
the consecutive droplets is relatively high. This intensifies fragmentation. Obviously, the
optimal substrate temperature for droplet fragmentation depends on the original droplet
size. The smaller the droplets, the lower substrate temperature intensifies their fragmenta-
tion. The original droplet size is limited by the spray system capabilities and fuel rheology.
Therefore, it is necessary to consider the regime maps and transient substrate temperatures
in order to develop fuel droplet atomization technologies.

Fuel oil atomization provides a small number of secondary fragments (3 to 6) un-
like typical slurries and emulsions. This effect results from the high viscosity of fuel oil
(µ ≈ 0.013 Pa·s at T ≈ 80 ◦C), which is much higher than that of water (µ ≈ 0.00036 Pa·s at
T ≈ 80 ◦C), even upon heating (Figure 10). The substrate heating leads to the formation of a
heated layer of two-component fuel on the surface after the first droplet hits it. Subsequent
droplets hit the liquid layer and transform it. When the first droplet of the fuel oil/water
emulsion reaches the substrate, it is heated, which intensifies the evaporation of water
microdroplets and their local boiling. Vapor bubbles destroy the fuel oil film and craters
are formed in it. A cloud of secondary fragments is produced due to the micro-explosive
boiling of water within the fuel. The atomization of two-component fuel oil droplets using
this method is similar to that of water emulsions with waste oils [41]. Two-component fuels
produce 10% more secondary fragments than used oil emulsions but 40–70% fewer than
slurry fuels. The transition from the spreading regime to droplet disruption for droplets
impinging on a solid surface on a We(Oh) map is illustrated reasonably clearly in Figure 9a.
In contrast with Re(Oh), a We(Re) map can more clearly show the role of the viscosity
and surface tension correlation. The experimental findings show that fuel oil is not the
only composition with a high potential for extensive atomization (disruption). It is safe to
conclude from the data on the collision regime maps that droplets of any liquid composite
fuel break up under much lower aerodynamic forces than droplets of homogeneous liq-
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uids. The experimental data also allow us to determine the conditions in which significant
droplet atomization is possible.

Figure 10. Liquid surface area ratio against Weber number (a) and Reynolds number (b): 1—
water [51]; 2—slurry (30 wt% coal, 70 wt% water) [51]; 3—two-component fuel (30 vol% transformer
oil, 70 vol% water) [51]; 4—two-component fuel (90 vol% fuel oil, 10 vol% water).

Fuel oil is currently used in the energy sector because of its low cost and high calorific
value [45,66]. Fuel oil is a mixture of residual matter and remnants from petroleum cracking
containing up to 40% of diesel, which makes it applicable as a marine fuel [67]. A number
of problems arise from the use of such fuel. First, if a spray contains large droplets, the
fuel combustion is incomplete, which contributes to soot formation both in the combustion
chamber and in the exhaust system. Second, the heterogeneous structure of a fuel jet in a
combustion chamber also leads to the incomplete combustion of fuel oil, leading to droplet
collisions with the equipment walls [45,66]. In this research, we studied the atomization
patterns of fuel oil droplets colliding in a gas with each other and with a solid wall. Such
atomization schemes are used in actual fuel spray cones, but no experimental findings
have been published so far that would make it possible to determine the key spraying
characteristics and critical atomization conditions. Here, we have established that the
minimum Weber number must be above 150, and hence the velocity must be greater than
3 m/s with a radius of the parent droplet of at least 0.5 mm. These parameters provide
consistent atomization of fuel oil droplets colliding with a heated solid wall and with
neighboring droplets. The effective secondary atomization of fuel oil droplets impinging on
a solid wall leads to a reduction in the local superheating of power plant walls and engines.
Our experiments have shown that adding 5–30% of water to fuel oil and its heating to
80 ◦C reduces the size of secondary fragments by 40–70% and increases their number by
50–65%. The combustion of such blends in an experimental unit simulating the typical
features of an industrial boiler unit was studied by Pei et al. [46]. They established that
adding water to fuel oil reduces the SOx, NOx, and particulate matter emissions. These
effects are achieved by the secondary atomization of fuel oil droplets. The experimental
findings from this research can help control the secondary atomization of fuel oil droplets
in combustion chambers.

The interaction of fuel oil/water emulsion droplets with heated solid surfaces provides
the opportunity to intensify different mechanisms of secondary atomization. Each of the
mechanisms can increase the number of secondary liquid fragments in a different way.
At certain heating temperatures, it is possible to trigger several secondary atomization
mechanisms. In particular, of the greatest interest is the secondary atomization of fuel
oil/water emulsion droplets impinging on a solid wall and water superheating to the
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boiling point followed by the micro-explosive breakup. A model simulating the heating
and explosive boiling of immiscible fuel oil and water droplets was presented in [68]. The
simulations provided a quantitative estimate of the relative time scales of aerodynamic-
induced and emulsion-induced breakup mechanisms. However, the micro-explosive
breakup of mixed fuel oil/water droplets remains unstudied.

The experiments have shown that the threshold thermal conditions for this combined
breakup depend on the substrate temperature and parent droplet size, as well as the water
and fuel oil concentration ratio. The lower the water concentration in a droplet, the faster it
heats up to boiling point. The smaller the parent droplets, the lower heat flux is required
for droplet breakup through the micro-explosive mechanism. Intense secondary droplet
atomization systems can be based on the schemes involving collisions of heterogeneous
droplets with each other, with a gas flow, and with a solid wall. The experiments have
provided the droplet breakup characteristics in two of the most promising schemes, where
liquid jets are directed so that droplets collide with each other and with heated solid walls.
Droplet breakup can be intensified by selecting the specific conditions suitable for the
actual plants and reactors with their thermal limitations. These conditions can also be
provided in plants and reactors that can be fired by emulsified and slurry fuels for thermal
and flame water treatment, as well as mixing multiphase flows. They are also attainable
in heat exchange systems and fire suppression. The droplet atomization regime maps
provide basic information for the subsequent development of systems for the secondary
atomization of liquid droplets with different component compositions and in different
thermal conditions. It is important to perform the energy analysis in the droplet collision
zone with solid walls to obtain the ratio of the acting forces. The next section presents the
results of this analysis.

3.4. Calculation of Droplet Energies in the Interaction Zone
3.4.1. Energy Balance during Binary Fuel Droplet Collisions

Droplet–droplet collisions are characterized by a certain energy balance in the inter-
action zone. At the initial point of time (before the collision of two droplets), the kinetic
energy KEi comprises the initial kinetic energy KEii of the part of droplets directly involved
in the collision and the initial kinetic energy KEni of the part of droplets that does not
take part in the interaction. The energy KEii can be represented in the form of the energy
KEsii and the kinetic energy KEdii. KEsii stretches the droplet along the radial direction and
gradually transforms into the bridge surface tension energy and the viscous dissipation
energy. KEdii deforms the droplet along the radial direction and gradually transforms into
the viscous dissipation energy. The kinetic energy of the parts that are not involved in
the interaction includes the droplet-stretching energy KEsni and KErni, which deforms the
droplet along the radial direction at the initial interaction stage and makes the droplet swirl
when the deformation reaches its maximum.

In the course of swirling and deformation, the energy KErni gradually transforms into
the viscous dissipation energy. In this case, kinetic energy can be written as [69]:

KEi = KEii + KEni = KEsii + KEdii + KEsni + KErni; (1)

KEsii = 1/2·ρ·[VSi·(US·sin(αd))2 + VLi·(UL·sin(αd))2]; (2)

KEdii = 1/2·ρ·[VSi·(US·cos(αd))2 + VLi·(UL·cos(αd))2]; (3)

KEsni = 1/2·ρ·[(VS − VSi)·(US·sin(αd))2 + (VL − VLi)·(UL·sin(αd))2]; (4)

KErni = 1/2·ρ·[(VS − VSi)(US·cos(αd))2 + (VL − VLi)(UL·cos(αd))2]. (5)

VLi and VSi are the volumes of the interaction zones in the larger and smaller droplets
and VL and VS are the volumes of the larger and smaller droplets.

VLi = χL·VL; (6)
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VSi = χS·VS; (7)

χL = 1 − (2 − τ)2·(1 + τ)/4; for h > DL/2; (8)

χL = τ2·(3 − τ)/4; for h ≤ DL/2; (9)

χS = 1 − (2·∆ − τ)2·(∆ + τ)/(4·∆3); for h > DS/2; (10)

χS = τ2·(3·∆ − τ)/(4·∆3); for h ≤ DS/2; (11)

h = 0.5·(DL + DS)·(1 − B); (12)

τ = (1 − B)·(1 + ∆). (13)

χL and χS are the coefficients reflecting the interaction zones in the larger and smaller
droplets; h is the length of the interaction zone; τ is the impact angle coefficient; DS is the
initial diameter of the smaller droplet; and DL is the initial diameter of the larger droplet.

The critical Weber number required for the occurrence of droplet disruption is given
by:

We ≥ 4·(1 + ∆3)(3·(1 + ∆)·(1 − B)·(∆3·χS + χL))1/2/((1 − α3)·∆2·B2). (14)

Let us use Equations (6)–(14) to determine the critical Weber number for stable droplet
breakup. The following initial conditions are assumed. CWS droplets (30 wt% coal and
70 wt% water, DL ≈ 0.001 m, DS ≈ 0.001 m) collide head on, i.e., B ≈ 0.8, ∆ = 1. The
coefficients reflecting the interaction zone of the larger and smaller droplets will take
the following values: χL = 0.104; length of the interaction zone h ≤ DL/2; χS = 0.104 for
h ≤ DS/2. The critical Weber number for Equation (14) will be We = 52.04. Let us perform
similar calculations for the two-component fuel containing 30% of transformer oil and 70%
of water: DL ≈ 0.0009 m, DS ≈ 0.00095 m, B ≈ 0.6, ∆ = 0.947, χL = 0.337; χS = 0.368. The
critical Weber number We = 123.17. For the two-component fuel with 90 vol% of fuel oil
and 10 vol% of water, the parameters will look as follows: DL ≈ 0.0009 m, DS ≈ 0.00095 m,
B ≈ 0.6, ∆ = 0.947, χL = 0.337; χS = 0.368. The critical Weber number We = 166.64.

These values are in acceptable agreement with the We values obtained experimentally
(Figures 5 and 6). The deviations are 3.92%, 2.57%, and 2.02% for the CWS (30 wt%
coal, 70 wt% water), two-component fuel containing 30% of transformer oil and 70% of
water, and another two-component fuel with 90 vol% of fuel oil and 10 vol% of water,
respectively. A similar calculation was performed for each regime map (Figures 5 and 6)
and the deviation did not exceed 5%.

The viscous dissipation energy during collision is given by:

VDE = VDEsii + VDEdii + VDEsni + VDErni. (15)

During interaction, the components of kinetic energy KEsii, KEsni, KEdii, and KErni
are converted into parts of viscous dissipation energy VDEsii, VDEdii, VDEsni, and VDErni,
respectively:

VDEsii = α3·KEsii; (16)

VDEsii = α3·KEsii; (17)

VDEdii = α4·KEdii; (18)

VDErni = α5·KErni, (19)

where α2, α3, α4, and α5 are viscous dissipation coefficients.
The energy KEdii fully transforms into the viscous dissipation energy; hence, α4 = 1.
Another part of the kinetic energy of a droplet is converted into revolution energy

(RE):
RE = KErni − VDErni. (20)

During the rotation and deformation of a droplet, its kinetic energy is converted
into the energy of surface tension, which prevents the droplet breakup. Thus, for droplet
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fragmentation to occur, the total effective stretching energy must exceed the surface tension
energy of the bridge:

KEes = KEi − VDE − RE ≥ SElig, (21)

where SElig is the surface tension energy of the bridge:

SElig = (2·σ·[π·h·(VSi + VLi)])0.5. (22)

Using the energy balance Equation (21), as well as Equations (1)–(5) and (15)–(22),
let us determine the collision parameters for the consistent fragmentation of different fuel
droplets. The following initial parameters are assumed for the collision between CWS
droplets (30 wt% coal, 70 wt% water): DL ≈ 0.00095 m, DS ≈ 0.0009 m, UL ≈ 1.3 m/s,
US ≈ 1.1 m/s, head-on collision, i.e., B ≈ 0 and αd ≈ 90◦. The total effective stretching
energy KEes equals 1.06 J and the viscous dissipation energy is 4.24 J. The kinetic energy
at the initial moment KEi amounts to 5.31 J. The bridge surface tension energy SElig at the
moment of maximum deformation is 0.029 J. The rotation energy RE equals 6.86·10−6 J.

Thus, the energy balance (21) for CWS (30 wt% coal, 70 wt% water) will take the
following form:

1.06 = 5.31 − 4.24 − 6.86·10−6 ≥ 0.029; 1.06 > 0.029.

The following is a similar estimate for the collisions between two-component fuel
droplets (30% transformer oil, 70% water) with the following initial parameters:
DL ≈ 0.00095 m, DS ≈ 0.0009 m, UL ≈ 1.5 m/s, US ≈ 1.2 m/s, B ≈ 0, and αd ≈ 90◦.
The total effective stretching energy KEes = 0.96 J and the viscous dissipation energy equals
3.83 J. The kinetic energy at the initial moment KEi amounts to 4.78 J. The bridge surface
tension energy SElig at the moment of maximum deformation is 0.022 J. The rotation energy
RE equals 2.1·10−5 J.

For the two-component fuel with 30% of transformer oil and 70% of water, the energy
balance (21) will take the form:

0.96 = 4.78 − 3.83 − 2.1·10−5 ≥ 0.022; 0.96 > 0.022.

For droplets of the two-component fuel containing 90 vol% of fuel oil and 10 vol% of
water with initial parameters DL ≈ 0.00095 m, DS ≈ 0.0009 m, UL ≈ 1.5 m/s, US ≈ 1.2 m/s,
B ≈ 0, and αd ≈ 90◦, the total effective stretching energy KEes = 1.12 J and the viscous
dissipation energy equals 4.48 J. The kinetic energy at the initial moment KEi amounts to
5.60 J. The bridge surface tension energy SElig at the moment of maximum deformation is
0.063 J. The rotation energy RE is 1.8·10−5 J.

For the two-component fuel with 30% of transformer oil and 70% of water, the energy
balance (21) will take the form:

1.12 = 5.60 − 4.48 − 1.8·10−5 ≥ 0.063; 1.12 > 0.063.

As can be seen from the calculated energy balances, the total effective stretching energy
exceeds the bridge surface tension energy for the fuel blends under study. This means
that, with the assumed initial parameters, these fuel blends break up to form secondary
fragments. A further increase in the droplet size and velocity will lead to even greater
prevalence of the kinetic energy over the bridge surface tension energy.

3.4.2. Energy Balance during Fuel Droplet Impingement on a Solid Surface

When droplets collide with a solid surface, the energy balance (23) is defined as [70]:

Edr + ES0 + EP0 = Esd + ESs + Eθ + EPs − ED, (23)
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where Edr is the kinetic energy of the falling droplet; ES0, EP0 and ESs, EPs are the surface
and potential energy of a droplet before and after collision, respectively; Esd is the post-
collision kinetic energy of droplets (energy of spreading of a droplet over a solid surface
after collision); Eθ is the energy from the work performed by the radial forces applied
from the wall to the contact line; and ED is the viscous dissipation energy (the dissipation
losses due to viscosity when a droplet spreads after collision). Potential energy (EP0, EPs)
makes the smallest contribution compared to other components of Equation (23), so it can
be neglected [71].

Using the values of the energies given in [70], Equation (23) will take the following
form:
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Let us divide both parts of Equation (24) by πDd
2σ and obtain the following equation:
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where the capillary number Ca = We/Re. Assuming that D = Dmax/Dd, let us rearrange
all the We values to the left side of the equation. Equation (23) will then take the form:
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Substituting the numerical values to Equation (26), we will obtain the critical Weber
number for the fuel droplet impingement on a surface (We≈162), which differs from the
experimental value by 1.49%. This calculation was performed for all the experimental
points and the deviation did not exceed 5%. Using the above formulas for calculating the
critical Weber number and energy balance for droplet fragmentation from droplet–droplet
and droplet–substrate collisions, one can also predict the outcomes of secondary droplet
atomization for other fuel types. The resulting equations reflect almost all the key properties
of liquids: viscosity, density, and surface tension.

4. Technology Development Using Experimental Results

The experimental findings make it possible to choose the conditions for effective
secondary atomization of multi-component droplets. Since the research findings are gener-
alized using dimensionless criteria (Weber, Reynolds, Ohnesorge, and capillary numbers),
they can be extended to other conditions typical of multi-component fuel technologies.
This improves the impact of this study and extends the limits to the applicability of the
findings. We made the following conclusions from the experimental findings:

(i) The number of secondary fragments increases exponentially with an increase in the
Weber numbers. The free surface area of secondary fragments more than doubles with
an increase in the parent droplet velocity. This leads to a reduction in the secondary
droplet size and an increase in their number. We compared the free surface areas of
droplets before and after collision to find that, at a Weber number of approximately
200, droplets of a two-component fuel are atomized 50% more effectively than those
of fuel oil, and fuel oil colliding with water provides a 100% greater efficiency.

(ii) The critical thermal conditions for combined breakup were found to depend on the
substrate temperature and parent droplet size, as well as water to fuel oil concentration
ratio. It was established that adding 5–30% of water to fuel oil and heating it to 80 ◦C



Energies 2023, 16, 1008 22 of 27

reduced the size of secondary fragments by 40–70% and increased their number by
50–65%. The optimal wall surface temperature for the interaction with fuel oil/water
droplets is 300 ◦C. At this temperature, we observed the maximum droplet breakup
due to the absence of the Leidenfrost effect.

(iii) For fuel oil droplets to be atomized effectively, their velocity must be 3 m/s and
their size must range from 0.4 mm to 0.7 mm. These parameters provide consistent
atomization of fuel oil droplets colliding with a heated solid wall and with each other.

The droplet collision regime patterns and maps provide the necessary database for
the development of secondary atomization systems for liquid droplets with different
component compositions and in different thermal conditions. We presented some examples
of how the results obtained can be used in the fuel atomization technologies in industrial
plants. Due to low cost and high calorific value, fuel oil is a popular fuel in many industries.
According to estimates by NASA, the USA can save USD 1.6 billion annually if it manages
to increase the combustion efficiency of fuel oil droplets by at least 2% [72]. The combustion
efficiency of this fuel can be increased by reducing the droplet size, which will lead to more
complete combustion in a shorter time. Adding water to fuel oil also reduces anthropogenic
emissions [46].

Few research findings have been published so far on the collisions of fuel oil droplets
with flat and curvilinear surfaces, most common to ship engines and boiler units [73,74].
Fuel oil may absorb additional water if stored or prepared incorrectly. In some cases,
the cost of corrective measures exceeds the resulting economic gain several-fold. Hence,
the interest in fuel oil/water emulsions is on the increase [75,76]. In this research, we
studied the two fuel droplet interaction schemes that are most common to power plants:
droplet–droplet collisions and droplet impingement on a solid surface. The use of fuel
oil/water emulsions in industrial equipment requires specialized atomization systems
based on nozzles and sprinklers [45,66,77]. The atomization of this fuel is notable for a
number of weaknesses leading to the unstable jet combustion. The spray cone is uneven
due to high fuel oil viscosity, and larger droplets are formed at its periphery. This effect
leads to incomplete fuel combustion, droplet sublimation, and sooting [45], which in
turn reduces the equipment performance. Our research findings show the necessary and
sufficient conditions for the intense atomization of fuel oil/water emulsion droplets. The
optimal temperature of fuel oil/water emulsion was found to be approximately 80 ◦C. We
also determined the critical Weber numbers required for the consistent disruption of fuel
oil/water emulsion droplets colliding with each other. These help predict the necessary
and sufficient droplet size and velocity for intense secondary atomization. The results show
that an increase in the Weber number improves the efficiency of secondary atomization
and increases the ratio of the free surface area after and before droplet atomization. With
excess air in the nozzle, fuel droplets do not have time to burn up completely, which leads
to droplet collisions with solid surfaces. As a result, soot is formed on the surfaces of the
equipment, causing future local overheating. With a lack of oxidizer, however, droplets
hit the walls of the nozzle, which leads to an inhomogeneous spray cone. The optimal
temperature of the wall to atomize a fuel oil/water emulsion droplet impinging on it
was found to be approximately 300 ◦C. This temperature of the solid surface prevents the
Leidenfrost effect and improves the atomization efficiency due to a 30% increase in the free
surface area of a droplet after the collision. As a result, the combustion of fuel oil/water
emulsion becomes more efficient.

High-speed video recording allowed us to obtain experimental data on the key inter-
action regimes between droplets of a high-potential fuel oil/water emulsion, water, and
fuel oil, as well as their atomization through impinging on a heated solid surface. Fuel
oil/water emulsions are used in heat and power plants but spraying of this fuel presents
a number of difficulties. Here, we present experimental data showing an opportunity of
significant secondary atomization of fuel-oil-based droplets by droplet–droplet collisions
and impingement on a solid wall. The research findings substantiate the economic and
environmental effects of using secondary droplet atomization in fuel generation and trans-
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formation systems. The energy efficiency of heating equipment was improved by reducing
the size of droplets after the primary atomization, which enlarged the surface area of phase
transitions, heat exchange, and chemical reactions.

The experimental findings on droplet–droplet and droplet-heated wall collisions are
primary data to be used for further research into the spraying atomization of fuel oil/water
emulsion. Such experiments will help provide the accident-free and reliable operation
of the equipment destined for the preparation, supply, and stable combustion of fuel oil
and liquids on this basis. As fuel oil is a very viscous liquid, it may clog nozzles. Due to
the experimental findings, we obtained the appropriate parameters for the most effective
droplet atomization.

5. Conclusions

(i) The secondary atomization scheme for droplets of water-free fuel oil and fuel oil/water
emulsion through collisions with each other and with water droplets provides a
relatively significant increase in the liquid surface area (S1/S0 > 3). The required
temperature of the fuel oil to be supplied to the droplet collision zone is 80 ◦C. The
optimal substrate temperature for the atomization of two-component droplets (90
vol% fuel oil and 10 vol% water) is approximately 300 ◦C. The secondary atomization
of fuel oil/water emulsion droplets by their impingement on a heated solid wall
makes it possible to reduce the typical sizes of liquid fragments by a factor of 40–50.

(ii) We have plotted droplet collision regime maps and established the critical Weber
and Ohnesorge numbers, as well as the critical values of the dimensionless linear
interaction parameter, which reflect the threshold conditions of extensive droplet
disruption. The disruption of fuel oil droplets with 10 vol% of water colliding with
each other is provided at a critical Weber number of approximately 150. For fuel
oil droplets colliding with water droplets, this number decreases to approximately
50. We have also shown the role of liquid heating in the occurrence of the collision
regimes under study. Droplets of pure fuel oil and fuel oil with added water undergo
the most significant atomization when impinging on a heated solid wall with a certain
layer of fuel adhering to it.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16021008/s1, Video S1: Video frames showing droplets of
two-component fuel colliding with each other.; Video S2: Video frames showing a droplet of two-
component fuel impinging on a substrate heated to 300 ◦C; Video S3: Video frames showing a droplet
of two-component fuel impinging on a substrate heated to 200 ◦C.
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Nomenclature
B linear approach parameter, mm;

B dimensionless linear interaction parameter;
Dd initial droplet diameter, mm;
Dmax diameter at the moment of droplet spreading on the surface, mm;
D dimensionless diameter;
DS initial diameter of the smaller droplet, m;
DL initial diameter of the larger droplet, m;
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ED viscous dissipation energy, J;

Eθ
energy from the work performed by the radial forces applied from the wall to
the contact line, J;

Edr
kinetic energy transformed into rotational energy and viscous dissipation energy,
J;

Esd post-collision kinetic energy of droplets, J;
EP0 and EPs potential energy of a droplet before and after collision, J;
ES0 and ESs surface energy of a droplet before and after collision, J;
h deformed droplet height, m;
hmax droplet height at the moment of droplet spreading on the surface, mm;
Oh Ohnesorge number;
N number of newly formed post-collision droplets, pcs;
Re Reynolds number;
Rd1, Rd2 radius of the first and second droplets, m;
rd radius of the post-collision droplet, m;
Ra arithmetical mean deviation of the profile, m;
Rav average droplet radius;
Rz average peak-to-valley roughness, m;
S0 free surface area of droplets before collision, m2;
S1 free surface area of post-collision droplets, m2;
S1/S0 ratio of the free surface area of droplets after and before collision;
KEi, KEii, KEni,
KEsii, KEdii,
KEsni, KErni

kinetic energies of stretching separation, J;

KEes kinetic energy of stretching separation, J;
SElig surface tension energy of the bridge, J;
T temperature of the composition, ◦C;
Ts temperature of the solid wall, ◦C;
Ud1, Ud2 velocity of the first and second droplets, m/s;
US velocity of the smaller droplet accounting for relative droplet velocity, m/s;
UL velocity of the larger droplet accounting for relative droplet velocity, m/s;
Ud velocity of the droplet before collision, m/s;
Urel resulting (relative) velocity of droplet, m/s;
VDE dissipation energy, J;
VDEsii, VDEdii,
VDEsni,
VDErni

dissipation energy during stretching separation, J;

RE revolution energy, J;
Vli volume of the interaction zone of the large droplet, m3;
Vsi volume of the interaction zone of the smaller droplet, m3;
VL volume of the large droplet, m3;
VS volume of the smaller droplet, m3;
We Weber number;
τ, hmax dimensionless constants.
Greek symbols
αd impact angle, ◦;
α1, α2, α3,
α4, α5

dissipation factors;

ρ density, kg/m3;
σ surface tension, N/m;
µ dynamic viscosity, Pa·s;
∆ ratio of droplet–droplet radii;
τ impact angle coefficient;
χL coefficient accounting for the interaction zone of the larger droplet;
χS coefficient accounting for the interaction zone of the smaller droplet;
〈θ〉 average dynamic wettability angle, ◦.
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Abbreviations
BO bounce;
CO coalescence;
CoR coefficient of restitution;
DI disruption;
SE separation.
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