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In this research, we present the results of experiments measuring the interaction 
times of colliding liquid droplets in different modes (bounce, coalescence, sepa-
ration, and disruption). The experiments involve water and typical water-based 
slurries, emulsions, and solutions. The main experimental parameters are close 
to those of high potential gas-vapor-droplet technologies (heat and mass transfer 
power plants, thermal and flame water treatment systems, and fuel technologies): 
droplet size 0.1-5 mm, velocities 0.1-10 m/s, liquid temperature 20-80 °C, impact 
angle 0-90°, and relative volume and mass fractions of liquid and solid additives in 
water 0-10%. We explore how a set of parameters and effects influence the charac-
teristics of the processes under study. The most important of these parameters are 
relative droplet velocity, impact angle, impact parameter, and temperature. Using 
dimensionless linear and angular interaction parameters as well as the Weber, 
Reynolds, and Ohnesorge numbers, we produce interaction mode maps to con-
sider the correlation of the main forces: inertia, surface tension, and viscosity. We 
determine the interaction times, number, size, and total surface area of the newly 
formed post-collision droplets and obtain approximations for the experimentally 
determined functions.
Key words: droplet, coalescence, bounce, separation,  

disruption, interaction time

Introduction

Specialized spraying – controlled, large-scale, and quite rapid atomization – of liq-
uids, solutions, emulsions, and slurries is often used in typical technologies to improve evapo-
ration, intensify fuel ignition and burnout, reduce anthropogenic emissions, cover larger areas 
by irrigation, etc. [1-4]. Several spraying technologies are now widespread [5, 6]: hydraulic, 
centrifugal, mechanical, pneumatic, acoustic, and compound (complex geometry of spraying 
systems; a set of nozzles at different angles with respect to each other; collision of the liquid 
with different targets, etc.). In each of the aforementioned technologies, a reliable prediction of 
droplet spraying (atomization) parameters plays an important part. Such a prediction becomes 
difficult when the structure of gas-vapor-droplet flows changes due to the interaction of liquid 
fragments in different interaction modes [7, 8]: bounce, separation, coalescence, and disruption. 
Thus, it is necessary to take into account the characteristics of these modes when designing 
plants and developing liquid atomization technologies. Spraying of highly inhomogeneous liq-
uid compositions is often complicated by molecular interactions, micro-explosions, as well as 
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partial or full dispersion [9]. Therefore, we need to generalize the experimental data for both 
homogeneous and highly heterogeneous droplets. Regrettably, despite the scientific communi-
ty’s vast experience in researching the interaction of finite solid particles and liquid droplets (in 
a wide range from 10 μm to 5 mm), the previous processes remain understudied [1-3].

Experimental findings and mathematical models simulating liquid droplet collision 
in a gas are usually presented in the form of the so-called interaction mode maps [1-3]. These 
maps are created in the axis systems with due consideration of the Weber number variations, 
as well as angular and linear parameters of interaction (for impact angle measurement and 
for studying the role of the impact parameter – the distance between the droplets’ centers of 
mass) [1-3]. For multi-component droplets, interaction mode maps usually consider the Weber, 
Reynolds, Laplace, Ohnesorge, and capillary numbers, characterizing the correlation of forces 
of inertia, surface tension, and viscosity [10-12]. Thus, it is underlined [10-12] that the Weber 
number is not the only criterion define the stability of a homogeneous or heterogeneous droplet 
colliding with the neighboring ones. Over the recent years, researchers have focused more on 
the mechanisms of droplet deformation, dispersion, fragmentation, and breakup, which are in-
strumental in spraying technologies [8, 13].

Of the many parameters describing droplet interaction that are studied experimentally 
and theoretically [7, 8], of the greatest interest are the interaction time, threshold and transient 
conditions, as well as the number and size of the post-collision liquid fragments. For instance, 
values for these parameters are provided in [5, 6]. From the analysis of studies [14, 15], we can 
conclude that the scientific community has been focusing on recording the duration (typical 
times) of droplet coalescence. No experimental data or calculations based on modelling of col-
lision times for droplet bounce, separation, or disruption have been published so far. According 
to studies [14-18], these times are short and cannot differ significantly in such collision behav-
iors. Experimental data on the quantity and size of liquid fragments formed due to collisions 
is also scarce. This factor may be instrumental in secondary atomization technologies just as 
breakup due to overheating of the low boiling component in heterogeneous droplets [5, 6], for 
instance, in emulsions or more complex (multi component) compositions containing solid par-
ticles and liquid additives to water. Surface tension and viscosity of the main liquid and various 
additives, used to improve the environmental and energy performance of the technologies [19], 
as well as interfacial tension and intermolecular forces may have a significant effect.

Most of the chemical, heat and power, and fuel gas-vapor-droplet technologies em-
ploy droplet collision, usually at different temperatures [5, 6]. Therefore, it is sensible to study 
the impact of this factor on the interaction time and number of post-collision droplets not only 
for water but also for typical water-based slurries, emulsions, and solutions. The role of phase 
transformation can be explored in more detail if we factor in the variation of liquid properties as 
a function of temperature. As indicated in [20], the incoming droplet (projectile) may be signifi-
cantly affected by the gas-flow field around the main droplet (target). This is especially notice-
able in the bounce mode. Due to phase transformations, this field will change significantly [21], 
since a vapor-air cushion will emerge between droplets. Its impact on droplet interaction has yet 
to be studied in full [21]. At a first approximation, it is sensible to compare the experimental re-
sults for droplets of liquids, solutions, emulsions, and slurries with different initial temperatures 
to obtain an understanding of the differences between the interaction times of homogeneous and 
heterogeneous liquid fragments colliding in a gas.

The purpose of this research is to explore the relationships of bounce, separation, 
coalescence, and disruption times of liquid droplets vs. all the main parameters important for 
gas-vapor-droplet applications.
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Experimental procedures

Experimental set-up and methods

The set-up generated two flows of droplets with fixed dimensions and velocities, 
while automatically tracking and recording them. The generator capillaries were located at 
a fixed angle to each other to vary the known dimensionless interaction parameters (β and B) 
in a wide range from 0-1 [1-3]. Droplet generator nozzles moved with the help of specialized 
fasteners and mobile set-up elements. Droplet radii ranged from 0.1-5 mm, velocities varied 
within 0.1-10 m/s, and collision angles were from 0-90°. We used two high speed video camer-
as (recording frequency up to 10000 fps) focusing on one observation area to obtain 3-D images 
of colliding droplets.

The systematic errors of radii, Rd, and velocities, Ud, measurement using video re-
cording and the TEMA AUTOMOTIVE software package did not exceed 1.6% and 2.1%, re-
spectively. The maximum random errors of such measurements (due to droplet surface transfor-
mations) were Rd = 2.1%, Ud = 3.4%. The systematic error of αd measurements did not exceed 
2.3%, considering the resolution of the video cameras.

The values of B, β, Weber, Reynolds, and Ohnesorge numbers were calculated accord-
ing to the methods presented in [1-3]. Interaction mode maps (for bounce, separation, disruption, 
and coalescence) were produced in the B(We), β(We), We(Oh), Re(Oh) co-ordinate systems. To 
calculate the geometrical (linear) interaction parameter, B, we used the ratio of the impact param-
eter to the sum of droplet radii: B = b/(Rd1 + Rd2) [1-3]. The angular interaction parameter, β, was 
derived from the impact angle: β = cos(αd) [1-3]. The parameters β and B define the droplet inter-
action kinetics because take into account droplets motion vectors, their dimensions, and distanc-
es between centers of mass. The values B = 0 are typical of conditions of the coaxial collision. In 
the case when B = 1 the collisions happen tangentially under different impact angles. The impact 
angle value governs the parameter, β. In particular, at β = 0 the droplets interact at the right an-
gle. When β = 1, the coaxial collision occurs. For the mode maps, we calculated the Weber num-
bers of the droplets closing in before collision with due consideration of their relative velocities: 
We1 = 2ρRd1Urel

2/σ, We2 = 2ρRd2Urel
2/σ [1-3]. The relative velocity, Urel, of co-directional droplet 

movement was defined as the difference of Ud1 and Ud2. When the droplets collided head-on, the 
Urel was calculated as the sum of Ud1 and Ud2. At αd = 90°, we used the value of only one of the 
velocities for the, Urel, calculation (in line with numerous studies considered in review papers  
[1-3]. Similar assumptions were made when calculating the Reynolds and Ohnesorge numbers 
for the colliding droplets under study. The former was calculated to take into account the iner-
tial force to viscosity force ratio and the latter, for viscosity force to surface tension ratio.

It is important for practical purposes to explore surface transformation and collision 
patterns of heated and evaporating droplets. With that in mind, our experiments were conducted 
at various droplet temperatures within the range of 20-80 °C typical of gas-vapor-droplet tech-
nologies. The lower limit is the liquid spraying temperature in most irrigation technologies and 
the upper one corresponds to the maximum possible temperature of droplets of liquid composi-
tions based on water used in various heat and mass transfer plants [21]. Volkov et al. [21] used 
non-contact techniques based on particle image velocimetry, laser induced phosphorescence, 
and planar laser induced fluorescence to establish the temperature fields of droplets of water and 
various water-based compositions (slurries, solutions, and emulsions) exposed to convective, 
radiative, and conductive heating. The droplet heating and cooling rates as well as their maxi-
mum temperatures (as a rule, 70-80 °C) established in [21] can be regarded as the most valuable 
result of those experiments. With this in mind, when planning the experiments, we chose the 
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droplet heating temperature range before their spraying from capillaries and collisions. The ex-
amined liquids were heated in a specialized 100 ml tank equipped with small heating coils and 
a temperature indicator. The droplet temperature and cooling before collision were measured in 
preliminary experiments conducted using the methods described in [21]. The systematic errors 
of liquid temperature measurement were 2-3 °C.

Materials

The liquid compositions to be studied were chosen from those widely used in thermal 
water treatment, heat carriers based on flue gases, water vapor and droplets, secondary atomiza-
tion of homogeneous and highly inhomogeneous liquids, etc. It was also important to compare 
the experimental results with the data in [14-18] in certain variation ranges of the Weber num-
bers and interaction parameters. We used the following compositions: tap water, saline solu-
tions (mass fraction of NaCl up to 5 wt.%), oil-in-water emulsions (volume concentration of oil 
up to 10 vol.%), compositions based on foaming agents (typically used in firefighting for the 
atomization of water batches discharged), and graphite-water slurries (solid particle concentra-
tion up to 5 wt.%). Slurries based on bentonite (key additive inhibiting the growth of spray zone 
size in firefighting). Table 1 lists the main specifications of liquid compositions under study  
[12, 22, 23].

Table 1. Characteristics of liquid compositions for the heating temperature 
range of 20-80 °C (based on [12, 22, 23]; the values for 20 °C are presented 
and then the sign → demonstrates the characteristics at 80 °C)

Components

Mass [wt.] or  
volume [vol.]

fraction of 
additive [%]

Density 
[kgm–3]

Dynamic viscosity  
[Pa∙s]

Surface tension  
[Nm–1]

Water – 998 → 965 0.0014 → 0.00036 0.07269 → 0.06259
NaCl solution 5 (wt.) 1147 → 1114 0.0011 → 0.00046 0.08255 → 0.07254
Oil-water emulsion 10 (vol.) 989 → 956 0.00125 → 0.0006 0.0673 → 0.0572
Graphite-water slurry 5 (wt.) 1030 → 997 0.0011 → 0.00046 0.07269 → 0.06259
Foaming agent emulsion 5 (vol.) 1100 → 1047 0.001 → 0.00036 0.023 → 0.0129
Bentonite slurry 5 (wt.) 1030 → 997 0.0011→0.00046 0.072 → 0.069

Parameters of droplet interaction

Apart from the main registered parameters of droplets closing in before contact (sec-
tion Experimental set-up and methods) and component composition of liquids (section Materi-
als), we measured the key characteristics of the collision process: interaction time, number and 
size of post-collision droplets, and the total liquid surface area. 

To measure the number of droplets before and after collision as well as to calculate 
their total surface area, we used custom tracking algorithms by TEMA AUTOMOTIVE. Before 
collision, we calculated the midsection areas, Sm, of the interacting droplets (for non-spher-
ical shapes, we averaged the four values of Sm for different droplet sections). The formula 
for the average size calculation was chosen based on the droplet shape. For instance, using  
Rd = (Sm/π)0.5, we calculated the average droplet radius. After that, the total areas of the free 
surface of primary droplets were given by S = 4πRd

2. Before contact, the initial liquid surface 
area, S0, was equal to the sum of the projectile and target droplet areas. Post-collision liquid 
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fragments had different shapes and dimensions, which made them difficult to analyze in de-
tail. Therefore, we assumed all the resulting (mostly small-sized) fragments to be spherical. 
In this case, we calculated the mean radii of the fragments and their surface areas using Tema 
Automotive and then added them together. The total surface area of all the liquid droplets were 
calculated after the two primary ones collided, S1.

There are four droplet collision behaviors, which we recorded: coalescence, bounce 
(droplets close in and interact through a gas cushion, which they cannot break through due to 
the lack of kinetic energy), separation (droplets collide to form two post-collision droplets with 
radii similar to the primary ones), and disruption (droplets atomize or break up completely). For 
each of these behaviors, we calculated dimensional, t, and dimensionless, τ, durations of inter-
action. Dimensionless values of times were given by τ = Urelt/2Rd [14]. The coalescence time, 
tc, was the interval between the contact of colliding droplets and the formation of a singular 
droplet with stable geometry (no fragments). The separation time, ts, and bounce time, tb, were 
calculated from the point of closest approach of the droplets followed by their separation until 
the distance between them became equal to the radius of the smallest one of the two droplets 
(i.e., one typical size of the small colliding object). The disruption time, td, was defined as the 
time between the contact of the two colliding droplets and the formation of a finite number of 
satellite droplets (usually no less than 10). The accuracy of tc, ts, tb, and td calculation largely 
depended on the recording frequency and resolution of the high speed cameras. The maximum 
allowable error was set as 10–4 second. The recording frequency ranged from 10000-50000 fps, 
depending on the collision behavior, droplet size and the region of the observation area occu-
pied by the newly formed liquid fragments (i.e., we calculated their number and the S1/S0 ratio). 
The τ estimation accuracy was affected by the accuracy of Urel as well as projectile, Rd1, and 
target, Rd2, droplet size measurement.

Results and discussion

Droplet collision behaviors and patterns

Figure 1 shows the water droplet interaction times under ambient conditions (at 
20 °C) vs. the Weber number. It also gives typical values of tc, ts, tb, and td on the so-called in-
teraction mode maps, i.e., when the linear and angular parameters as well as inertial forces and 
surface tension are varied (We, β, B). Figure 1(a) reveals a general pattern that the interaction 
times are the shortest in the disruption mode. Separation takes somewhat longer, whereas the 
longest times are observed for coalescence, closely followed by bounce. These patterns come 
from the aerodynamic forces acting on the droplets in the corresponding collision mode in the 
specified Weber number ranges. In particular, disruption is stable at We > 50, i.e., when inertial 
forces dominate surface tension. Minimum Weber numbers are typical of bounce and coales-
cence, in particular, bounce was observed at We < 2, and coalescence at up to We = 30. Then 
the separation started to dominate (as a rule, We = 30-50). Figures 1(b) and 1(c) shows that the 
interaction modes and times of the corresponding collision behaviors are determined by not 
only the Weber numbers but also the main interaction parameters: angular, β, and linear, B. The 
interaction times in the mode maps confirm the instrumental contribution of the interaction ki-
netics. In particular, at a zero impact angle and opposite motion directions of droplets, the time 
of their collision is minimum in each of the modes under study. Co-directional movement (the 
second droplet followed the first one until collision) provides the longest interaction times. At  
15-80°, average collision times are observed. This mostly results from a change in the interac-
tion mode from the dominating disruption or bounce to separation or coalescence, respectively.
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The analysis of dimensionless droplet interaction mode maps shows that we can also 
reliably produce interaction time maps to show dimensional, t, and dimensionless, τ, collision 
times vs. β, B, and We. Local increases or decreases in dimensional times observed in the ex-
periments are not always noticeable when the interaction times become dimensionless. Hence, 
it is important to demonstrate different variation rates of t and τ.

We have established that at β → 1 the interaction times are the longest in the bounce 
and coalescence modes and the shortest for disruption and separation. At β → 0, the times of all 
the interactions are minimum, because the interaction rate of droplets is defined by the velocity 

Figure 1. Dimensional and dimensionless droplet interaction times vs. the Weber number (a), 
angular interaction parameter (b), and linear interaction parameter (c) in different modes: 
1 – disruption, 2 – separation, 3 – coalescence, and 4 – bounce
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of the projectile droplet. At the same time, of all the modes, the weakest relationships are of 
droplet coalescence and disruption times vs. β.

The times of all the four modes are significantly affected by the parameter B. The 
higher it is, the more significantly the droplet interaction times grow, especially in the coales-
cence mode, fig. 1. This pattern stems from the fact that parameter B characterizes the distance 
between the droplets’ centers of mass. The smaller this distance, the more intense the droplet 
interaction (the collisions are almost coaxial, and the droplet contact area is rather large). At 
lower values of B, grazing collisions of droplets become more frequent. These provoke signif-
icant droplet transformation, swirling, and rotation of both fragments after collisions, which 
prolongs the droplet interaction times in all the modes. We observed different growth rates of t 
and τ as functions of B, but in all cases, they can be described by a power function of the second 
order, as shown in fig. 1. As suggested by the nature of droplet surface transformations, the most 
noticeable changes are observed for coalescence and bounce, fig. 1.

Figure 1 clearly shows the variation ranges of β, B, and We, in which we can use ap-
proximations to show the single-factor impact on interaction times, for instance, τ(β), τ(B), or 
τ(We), as well as regions requiring complex 2-D or even 3-D co-ordinate systems controlling 
for the simultaneous impact of β, B, and We. Further, we will demonstrate that the number 
of decisive factors increases significantly in the case of multi-component compositions. It is 
sensible to take into account the Ohnesorge and Reynolds numbers criteria for estimating the 
correlation of viscosity force (internal friction) as well as surface tension and inertia forces.

At a small impact angle, droplets break up to form fine aerosol, so, with an increase 
in the impact angle (or decrease in β), the time of droplet disruption is reduced. The trajectories 
of colliding droplets coincide but the directions are opposite to each other. The interaction rate,  
i.e., the rate of droplet coalescence goes down due to the opposing motion vectors of the drop-
lets. At a non-zero impact angle, the projectile does not hit the exact center of the target (non-co-
axially or off-center are popular terms), so droplets break up to form a bridge between them. 
The relative droplet velocity does not change much (droplets do not slow down noticeably 
when closing in), so the disruption process is faster and more dynamic, with more small-size 
liquid fragments formed as a result.

The coalescence time of liquid fragments increases significantly with an increase in 
the relative linear interaction parameter B, describing the ratio of the distance between the 
droplets’ centers of mass and the sum of their sizes. This effect is connected with the increasing 
impact of droplet dimensions. The larger the dimensions, the longer time it takes for a new 
droplet to reach a stable shape.

Impact of relative droplet velocity and size correlation

When analyzing how much the correlation of droplet size and relative velocity affects 
the interaction times, we established that the scale of impact differs greatly from one liquid 
composition another. In some cases, coalescence and bounce times become even shorter than 
those of separation and disruption. These patterns clearly illustrate the countervailing influence 
of several factors ignored when calculating droplet interaction times as functions of only size 
or relative velocity correlation. If we compare figs. 1 and 2, we see complex-looking curves 
of dimensionless droplet interaction times, τ, unlike similar functions of dimensional times, t. 
Droplet size and velocity that are part of the expression for time, τ, have a different-scale impact 
on the liquid fragment collisions. These effects become especially noticeable when plotting the 
curves of τ vs. β and B, since the latter reflect the kinetics of collision related to both droplet 
size and velocity. 
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Figure 2. Dimensional and dimensionless droplet interaction times; (a) water, (b) slurry,  
and (c) emulsion, vs. Weber numbers at various liquid temperatures, compositions  
at 20 °C are marked in blue and those at 80 °С, in red: 1, 2 – disruption, 3, 4 – separation,  
5, 6 – coalescence, and 7, 8 – bounce 

Looking at figs. 1 and 2, we can conclude that the dimensionless time, τ, has strong 
limitations to its applicability for studying the physics of liquid fragment interaction. Weber 
number established quite a good agreement between the nature of the curves for t and τ as 
functions of Weber number only. However, in some experiments, we recorded the same values 
of Weber number in the collision area by different-sized droplets with different velocities. This 
factor led to an increase in the experimental data dispersion despite the identical Weber number 
values and to non-monotonous variations of τ values, e.g., fig. 2(a) and 2(b) shows this effect 
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for several curves. Therefore, we can conclude that the τ(We) or t(We) functions alone are not 
enough to describe the variation dynamics of droplet collision time t. It is important to take 
into account more factors and effects and make an attempt to describe their contribution using 
approximations.

Impact of droplet temperature

Quite interesting are the results obtained by exploring how droplet heating affects 
droplet interaction times, fig. 2. Significant changes are observed in critical Weber number val-
ues (transient between various interaction modes) as well as bounce and coalescence times as 
functions of Weber number at various droplet temperatures, fig. 2. Moreover, the shape of the 
curves change considerably as well.

Figure 2 clearly shows that for almost all the interaction modes and compositions, 
times t and τ go up with an increase in the liquid droplet temperature. When the droplet tem-
perature rises, the surface tension and viscosity are supposed to decrease. Hence, less energy is 
required to surmount the repulsive forces, and the interaction should take less time. However, 
the values of t and τ in fig. 2 show the opposite effect, especially noticeable in the coalescence 
and bounce modes. This may be explained by the presence of not only a gas cushion but also a 
vapor one between the colliding droplets due to phase transformations. The higher the droplet 
temperature, the more noticeable the effect. The emergence of a vapor cushion layer between 
droplets leads to an increase in the kinetic energies of liquid fragments required for collision. 
Experimental results [24] show that heating and evaporation rates of heterogeneous droplets are 
significantly higher than those of single-component ones. This is what causes more consider-
able variations of coalescence and bounce times for heated heterogeneous droplets of slurries 
and emulsions as compared to water and other compositions, fig. 2.

In actual gas-vapor-droplet technologies based on heat and mass transfer, droplet 
surface and gas-vapor mixture temperature around them may be much higher than in our ex-
periments. Therefore, the role of vapor cushion around droplets will be more significant than 
pointed out in the analysis of fig. 2. Linear vapor velocities may reach 0.1-0.3 m/s [25]. Typical 
relative velocities of bouncing droplets do not exceed 0.7 m/s. As a result, the maximum rela-
tive interaction rates of droplets in the bounce mode may differ by 30-40%. This has a signifi-
cant impact on the interaction time of colliding liquid fragments.

Impact of droplet component composition

In the case of solutions, emulsions, and slurries, it is sensible to study the impact of 
component composition with due consideration of the two key parameters: surface tension and 
viscosity of the liquid. Hence, we can obtain the droplet interaction times of liquids, solutions, 
emulsions, and slurries as functions of these two parameters or dimensionless criteria, e.g., the 
Reynolds, Ohnesorge, and Weber numbers. Figures 3 and 4 show the impacts of these factors in 
our experiments as well as comparisons with the experimental data from [14].

As can be seen in figs. 3 and 4, the impact of surface tension and viscosity of the 
liquids on interaction times is quite obvious. An increase in the surface tension causes a highly 
non-linear decrease in interaction times, whereas the growing viscosity prolongs these times. 
However, such trends are not observed for all the modes, (see figs. 3 and 4. In particular, dis-
ruption times become longer with an increase in viscosity, since the aerosol is formed rather 
quickly, i.e., newly formed liquid fragments have a short relaxation time.

The shape of the curves presented in fig. 3 is in good agreement with experimental 
data and conclusions from [14-18]. With higher surface tension and lower viscosity of the liquid 



Piskunov, M., et al.: Interaction Times of Homogeneous and Heterogeneous ... 
4316 THERMAL SCIENCE: Year 2021, Vol. 25, No. 6A, pp. 4307-4320

composition, more kinetic energy of the droplets is required for their significant transformation 
and breakup. Hence, with higher surface tension and lower viscosity of the composition, drop-
lets will separate at somewhat higher velocities or droplet dimensions. This causes droplets to 
collide and break up much faster, figs. 3 and 4. Droplet coalescence or separation times become 
much longer in figs. 3 and 4, since increased liquid viscosity strengthens molecular bonds.

Figure 3. Interaction times of droplets of liquid compositions under study for different  
collision behaviors (1 – disruption, 2 – separation, 3 – coalescence, 4 – bounce, and 
5 – data from [14]) vs. surface tension (a) and viscosity (b)

Figure 4. Interaction mode maps factoring in Ohnesorge and Reynolds numbers (a) 
and Weber number (b) with typical droplet collision times: water: 1 – disruption,  
2 – separation, 3 – coalescence, 4 – bounce, graphite-water slurry, 5 – disruption,  
6 – separation, 7 – coalescence, 8 – bounce; oil-water emulsion, 9 – disruption, 10 – separation,  
11 – coalescence, 12 – bounce, 13 – disruption; saline solution, 14 – separation, 15 – coalescence,  
16 – bounce, foaming agent emulsion, 17 – separation, 18 – coalescence,  
19 – bounce, bentonite slurry, 20 – disruption, and 21– bounce 

If we explore the differences between the droplet interaction modes for water and wa-
ter-based slurries, solutions, and emulsions, we will see that the dominating collision outcomes 
of slurry droplets are separation and disruption and for emulsions, it is coalescence and disrup-
tion. Droplets of solutions and water are observed in all the four interaction modes, figs. 3 and 4. 
A wide variation range is established for water droplet interaction times.

The most valuable findings of the research into heterogeneous droplets seem to be the 
interaction mode maps of We(Oh) and Re(Oh), fig. 4, with the variation rates of typical droplet 
interaction times and S1/S0. This ratio shows how the liquid surface area changes after the drop-
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lets collision, S1, compared to the initial one, S0. These mode maps make it possible to general-
ize experimental data for various droplet compositions and applications. From figs. 1 and 4 we 
can conclude that the impact of all the factors and processes under study on droplet interaction 
times can be best described using the complex expressions, τ (We, Re, Oh, B, β), which are, 
however, extremely resource-intensive. Therefore, a high potential objective would be to es-
tablish the variation ranges of parameters, for which 2-D interaction mode maps can be used.

The most challenging task is to reliably predict the collision outcomes of slurry drop-
lets. According to the analysis of video frames, solid particles concentrate in one of the droplet 
parts due to different densities. Therefore, the kinetic energy of a slurry droplet is higher than 
that of a water droplet. These factors cannot be described even in a multi-dimensional factor 
space, e.g., τ (We, Re, Oh, B, and β). In this case, it will be necessary to study the impact of 
slurry sedimentation before collisions. These effects are not that important for solutions and 
emulsions, because they retain their stable structure for a longer time.

Evaluation of minimum disruption times and degree of atomization

Based on the videoframes, the typical collision outcomes of compositions under study 
differ significantly in the number and dimensions of the post-collision liquid fragments and the 
total area of their surface. The difference in the quantity of liquid fragments and their dimen-
sions is especially noticeable between the disruption and separation modes. Slurry droplets 
broke up into the greatest number of fragments of the smallest size followed by emulsion, 
solution, and water droplets in the order of numerical values. Despite the differences in the 
bonding energies of Na+ and Cl– from those of water molecules, the characteristics of newly 
formed fragments differed negligibly (within the experimental error). For slurry droplets, an 
increase in the number of post-collision fragments results from the unstable surface (due to 
the heterogeneous composition and different component densities) as well as the hydrophilic 
and hydrophobic effects encouraging small water batches to follow the solid particles breaking 
away from the surface.

Figures 4 and 5 show the S1/S0 ratios as functions of Weber, Reynolds, and Ohnesorge 
numbers, B, and β. The impact of each of these parameters on the growth of the total droplet sur-

Figure 5. Values of S1/S0 on collision behavior maps produced using dimensionless angular (a) 
and linear (b) interaction parameters; water: 1 – disruption, 2 – separation, 3 – coalescence,  
4 – bounce, graphite-water slurry, 5 – disruption, 6 – separation, 7 – coalescence, 8 – bounce; oil-water 
emulsion, 9 – disruption, 10 – separation, 11 – coalescence, 12 – bounce; saline solution:  
13 – disruption, 14 – separation, 15 – coalescence, 16 – bounce, foaming agent emulsion,  
17 – separation, 18 – coalescence, 19 – bounce, bentonite slurry, 20 – disruption, and 21– bounce  
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face area is quite clearly visible and so are the conditions limiting the variation of S1/S0. In this 
research, we have, for the first time, established the conditions that can provide maximum val-
ues of S1/S0 with minimum interaction times (τ and t) in the corresponding modes, figs. 4 and 5.  
These conditions are instrumental for understanding how droplet atomization can be intensified 
with limited time and resources available.

The experiments provided us with the necessary experimental database. This can be 
used to formulate the adjusting coefficients to develop droplet interaction models with due 
consideration of interaction rates and times, see the overview in [1-3]. Several reliable models 
of this kind will help optimize liquid spraying parameters in gas- and vapor-droplet technol-
ogies [26], where it is especially important to control and predict the gas-vapor-droplet com-
position. These include thermal and flame water treatment [27], heat exchange technologies 
of evaporation and condensation in heat and power ducts, units, and blocks [28]. Heat carriers 
from flue gases, water droplets and vapors [29]. Ignition of composite fuels without injector 
clogging or jet fading in combustion chambers [30]. Temporally and spatially distributed 
gas-vapor-droplet mixture supply to combustion zones for the effective fire containment and 
suppression [31]. One of the numerous practical applications of the experimental results is 
the atomization of liquid and slurry fuels in internal combustion engine chambers or in power 
plant furnaces to improve their performance. Droplet interaction times (3 ms < t < 10 ms) in 
the four possible interaction modes are comparable to the duration of one combustion engine 
cycle and one ignition cycle in boiler units (several ms). Thus, the secondary atomization of 
fuel droplets in such units can only be optimized if the aforementioned factors are taken into 
account. For instance, the right conditions for the secondary atomization of slurry, emulsion 
and liquid fuels should be chosen to avoid coalescence, bounce, and separation, and to in-
tensify disruption. Moreover, fuel spraying conditions should provide maximum S1/S0 values 
and minimum disruption times based on the fuel properties, combustion chamber geometry, 
and engine operation conditions.

Conclusions

 y The experiments allowed us to explore the impact of a large set of factors (relative velocity, 
size, impact angle, impact parameter, temperature, component composition of droplets, etc.) 
on the typical bounce, disruption, coalescence, and separation times. Approximation equa-
tions of τ and t as functions f(We), f(Re), f(β), and f(B) were obtained with due consideration 
of dimensional and dimensionless droplet interaction times. Almost all the factors and ef-
fects under study were found to have a large-scale impact on interaction times. This way the 
atomization process could be controlled, changing the general trend that disruption lasted 
the shortest time followed by the times of separation, bounce, and coalescence. However, 
the rapid evaporation of heated droplets caused an increase in the times τ and t in the bounce 
and coalescence modes.

 y The experimental results and approximation equations develop the numerous earlier ex-
perimental and theoretical studies in this field. For the first time, droplet interaction times 
were measured in all the four collision outcomes. We determined the conditions of t → min 
and S1/S0 → max with due consideration of the available collision mode maps based on  
β, B, Weber, Reyolds, and Ohnesorge numbers. It is difficult to provide such conditions for 
the dimensionless time τ, since not only the time t, but also droplet size and velocity play 
a decisive role. The experimental parameters were in line with the high potential gas-va-
por-droplet technologies, such as thermal water treatment, heat carriers based on flue gases, 
water vapor and droplets, as well as miscellaneous heat and mass transfer plants.
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 y The established functions of droplet interaction times promote the powder technology by 
improving and supplementing the current models used to describe changes in the structure 
and composition of droplet aerosols. It is sensible to continue this research and study the 
collisions of highly heterogeneous droplets in multi-phase and multi-component flows. In 
this case, it will be possible to obtain more exact f(σ), f(µ), f(We), and f(Re), etc.
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Nomenclature

b  – distance between droplets’ centers of mass, 
[mm]

В  – dimensionless linear interaction parameter  
(= b/(Rd1 + Rd2), [–]

B1,   – dimensionless constants in approximations,  
[–]

Oh  – Ohnesorge number (= µ(σρ2Rd)1/2, [–]
Rd1  – first droplet radius, [mm]
Rd2  – second droplet radius, [mm]
Re  – Reynolds number (= ρ2RdUrelµ–1), [–]
S0  – initial liquid surface area, [mm2]
S1  – total surface area of all liquid droplets after 

collision of two primary droplets, [mm2]
Sm  – frontal cross-sectional area of colliding 

droplets, [mm2]
t  – interaction time, [s]

tb, tc, td, ts – duration of bounce, coalescence,  
         disruption, and separation, [s]

Ud1  – first droplet velocity, [ms–1]
Ud2  – second droplet velocity, [ms–1]
Urel – relative droplet velocity, [ms–1]
x, y  – functions in approximations, [–]
We  – Weber number (= 2ρRdUrel

2/σ), [–]

Greek symbols

αd  – impact angle, [°]
β  – dimensionless angular interaction parameter 

[= cos(αd)], [–]
µ  – dynamic viscosity, [Pa∙s]
ρ  – density, [kgm–3]
σ  – surface tension, [Nm–1]

τ  – dimensionless interaction time  
(= Urelt/2Rd), [–]
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